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CHIRAL PHOSPHORIC ACID-CATALYZED MANNICH REACTIONS OF 
LATENT NUCLEOPHILES WITH ACYL IMINES 
 
RANDOLPH ANTONIO ESCOBAR MEDINA 
Boston University Graduate School of Arts and Sciences, 2019 
Major Professor: Scott E. Schaus, Professor of Chemistry  
ABSTRACT  
Chiral phosphoric acids were used to activate the acyl imine to facilitate a highly 
enantioselective addition of an enecarbamate to afford the 1,3-diamine Mannich adduct. 
An extensive catalyst screen found that the sterically hindered 9-phenanthryl binaphthyl 
phosphoric acid was the optimal catalyst for the parent reaction yielding the product in 
98% yield and a 96:04 e.r. In order to further optimize the reaction, a series of 
mechanistic studies were performed, including NMR and ReactIR experiments to 
understand the reaction in situ. These experiments led to the discovery of a hemiaminal 
ether intermediate. It was ultimately proposed that the carbonyl moiety present in the 
enecarbamate does a nucleophilic addition onto the activated acyl imine to yield the 
chiral hemiaminal ether which then undergoes rearrangement to form the expected 
product. After additional mechanistic studies, it was observed that the initial formation of 
the intermediate is the enantiodetermining step and that stereoselective intramolecular 
rearrangement occurs to form the 1,3-diamine Mannich product. Upon gaining insight 
from these experiments, optimal conditions were achieved using the parent reaction to 
yield the Mannich product in a 98% yield and 98:02 e.r. 
  ix 
 After reaction optimization, the substrate scope was then investigated. Emphasis 
was placed on the protecting groups of the acyl imines.  Following a 2-dimensional 
screen of catalyst vs protecting group, an optimal catalyst was found for each protecting 
group. Additionally, other enecarbamates and imines were attempted affording a total of 
32 examples with high enantioselectivity and yields. Reductions were then performed on 
the Mannich product to gain access to the appropriate chiral 1,3-diamine. This 
methodology represents a new route to make chiral 1,3-diamines through the formation 
of a chiral hemiaminal ether.  This reactivity has been expanded to include syntheses of 
other diamines such as 1,2-diamines. Preliminary results show that when using glycinate 
derivatives with acyl imines, the formation of a hemiaminal ether is observed which then 
undergoes rearrangement to form the chiral 1,2-diamine directly.  
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CHAPTER ONE. Synthetic Methods for the Synthesis of Hemiaminal Ethers 
1.1 Introduction 
 Hemiaminal ethers or N,O-acetals are important intermediates because 
they readily form an unstable imine that can be used as a highly reactive species. As 
chemical motifs, hemiaminal ethers, when compared to the corresponding imines, are 
water and air stable and have a long shelf life. Upon exposure to acid, these hemiaminal 
ethers can be activated to generate the reactive imine.1 These reactive species have been 
used to make amine-containing building blocks such as natural and unnatural amino acid 
derivatives, cyclic amines and chiral diamines. Although hemiaminals and hemiaminal 
ethers are typically found as reactive intermediates, they are also found in natural 
products2–5 such as the N-acyl hemiaminal zampanolide 1.1,6–8 psymberin 1.2,9–11 and 
pederin 1.3.12–15 (Figure 1.1). This review will inform the interested reader on the 
methods in which hemiaminal ethers have been synthesized until mid-2018, which will 
include achiral and chiral synthesis. Schneider and coworkers published an extensive 
review on the application of these hemiaminal ethers.16  
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Figure 1.1. Natural products containing the hemiaminal motif.  
Hemiaminals or a-hydroxy amines have been observed and characterized as early 
as 1902, as mentioned in a 1939 review by Sprung.17 These hemiaminals are extensively 
studied and used as intermediates; however, isolation of these compounds is often 
difficult due to how readily they eliminate the hydroxyl group, providing the reactive 
electrophilic imine after the loss of water. While hemiaminals are versatile intermediates, 
herein I will describe their use only as intermediates to make the more stable 
corresponding hemiaminal ethers. 
The first synthesis of hemiaminal ethers was observed by Freund and Bamber in 
1902.18 When the alkaloid cotarnine 1.4 was treated with ethanol or ethanethiol, it 
yielded ethoxyhydrocotarnine 1.6 or ethylthiolhydrocotarnine 1.7. (Figure 1.2a) The a-
hydroxyl group readily eliminates when exposed to protic solvents, forming the iminium 
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species 1.5 which is then trapped by nucleophiles. Similar observations were made by 
Robinson in 1917 with berberine pseudobase 1.8.19 (Figure 1.2b). In 1921, Robinson 
continued his work to generalize the synthesis of hemiaminal ethers 1.14 by developing a 
multicomponent reaction using an amine 1.11, an alcohol 1.12, and formaldehyde 1.13 in 
the presence of potassium carbonate.20 (Figure 1.2c) While only optimized for 
formaldehyde, thirty years later Stewart and Hauser expanded the methodology to include 
aromatic aldehydes 1.15.21 They optimized the reaction to include benzaldehyde and 
substituted benzaldehydes by adding catalytic amounts of mercuric chloride or glacial 
acetic acid. (Figure 1.2d) 
 
Figure 1.2. First examples of hemiaminal ethers in chemical synthesis. 
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While the aforementioned methods set a good precedence for the hemiaminal 
ether synthesis, they also highlight the difficulties of such multicomponent reactions due 
to the observed low yields and mixture of products.1,2 Reactions with aldehydes, amines, 
and alcohols can lead to a complex mixture of products derived from different 
interactions and equilibria between the species formed in solution, as shown in Figure 
1.3, which could help explain the limited scope of these multicomponent reactions. 
However, as seen in Hauser’s work, using a Brønsted acid forms the electrophilic 
iminium intermediate which then reacts with an alcohol thermodynamically favoring the 
hemiaminal ether product.   
 
Figure 1.3. Interactions of aldehydes, amines, and alcohols in the reversible covalent chemistry 
 
1.2 Synthesis of N-acyl-N,O-acetals 
Using a similar approach to that of Robinson, in 1992 Katritzky and coworkers 
developed a method to access N-acyl-O-acetals, commonly used as an alternative to the 
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relatively unstable acyl imines.22 Acyl imines allow access to a structurally diverse set of 
products through reactions with nucleophiles, dienes or dienophiles through the acyl 
iminium ion.23–30 (Figure 1.4) Hemiaminal ethers were accessed by multiple groups in the 
‘70s and ‘80s but in a multistep, inefficient, and severely limiting sequence without 
consistent reproducibility, and experience from unstable intermediates and mixtures of 
possible products as highlighted in Figure 1.3.31–40 
 
Figure 1.4. N-acyliminium ion chemistry allows access to important structural diversity through reaction with 
nucleophiles, dienes, and dienophiles.  
N,O-acetals were accessed directly by Katritzky using a multicomponent 
approach. Implementing his established methodology41 to make N-[a-
(benzotriazolyl)alkyl]amides  1.18, he employed the lability of benzyltriazole anions in 
the presence of alcohol or an alkoxide, leading to the formation of hemiaminal ethers 
1.19.22 In this method, benzotriazole 1.17 was reacted with an aldehydes and the 
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1.18 is then reacted with the alkoxide to form the expected hemiaminal ethers 1.19 
(Figure 1.5). While this method did not include a Brønsted acid to facilitate the formation 
of the expected products, Katritzky excluded any other component that could potentially 
lead to complex mixture of products.   
 
Figure 1.5. Route to N-(a-alkoxyalkyl)amides. (Katritzky, 1991). 
 Later, Mioskowski was motivated to make resin-bound hemiaminal ethers as a 
way to more easily handle the relatively unstable acyliminium ions in the solid phase.42 
However, this proved to be unsuccessful due to their high instability.  His attention was 
then turned to make a masked iminium cation, such as hemiaminal ethers, which upon 
activation could expose the iminium species. Mioskowski attempted to apply Katritzky’s 
method in the solid phase using a resin-bound amine but no reactivity was observed. He 
then shifted his focus to the synthesis of N-(a-alkoxyalkyl)amides, for which no existing 
method was compatible for solid-phase chemistry. The protocol involves the 
condensation of the amide resin 1.20 with an excess aldehyde in the presence of trimethyl 
orthoformate. (Figure 1.6a). In the presence of excess TFA, satisfying yields of the resin-
bound hemiaminal ether 1.21 were realized. After optimizing the model reaction, the 
aldehyde scope of the reaction was expanded to include substituted benzaldehydes and 
less activated aldehydes such as hydrocinnamaldehyde. The resulting resin-supported 
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hemiaminal ether 1.22 was successfully allylated with diethyl zinc or allyltrimethylsilane 
in the presence of boron trifluoride diethyl etherate to obtain the desired product in high 
yield. The resin was then cleaved to expose the pure product 1.23. (Figure 1.6b) As such, 
Mioskowski was successful in developing a method for a resin-bound hemiaminal ether 
synthesis, which could then react further to access a whole new set of reactions in the 
solid-phase. 
 
Figure 1.6. Preparation of Resin-Bound N-(a-alkoxyalkyl)amides. (Mioskowski, 2001) 
 
Other groups have also used the hemiaminal ether as a stabilized, masked 
iminium intermediate. Greene and coworkers developed a method to synthesize a-amido 
sulfone 1.27 involving reacting aldehyde 1.24, carbamate 1.25, and benzyl sodium sulfite 
1.26, which was then readily converted to the acylimine 1.28 under basic reflux 
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conditions.43 Dujardin and coworkers utilized these sulfones and developed a method 
using hemiaminal ethers in the synthesis of tetrahydrooxazinones 1.31 via a 
cycloaddition.44 They accessed the hemiaminal ethers by basic methanolysis of sulfones 
1.27 that could yield the corresponding hemiaminal ether 1.29. (Figure 1.7a). Once an 
efficient synthesis was achieved, the N,O-acetals 1.29 were used in the diastereselective 
heterocycloaddition with (R)-O-vinyl pantolactone 1.30 to afford the 
expected tetrahydrooxazinones 1.31 using the promoter, SnCl2.  (Figure 1.7b) Similarly, 
Guirado and coworkers were also successful in their use of hemiaminal ether for the 
stereoselective synthesis of thiazolines.45  
 
Figure 1.7. Preparation of novel tetrahydrooxazinones via heterecycloaddition of N-Boc, O-Me-acetals. 
(Dujardin, 2004) 
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In the early 2000s, many preparations of N,O-acetal TMS ethers were reported via 
an amide addition to an aldehyde followed by TMS protection.46–48 These hemiaminal 
TMS ethers have been used as stabilized imine precursors to hemiaminal ethers due to the 
lability of the silyl group. Suh and coworkers highlighted the synthetic utility of these 
acetals by applying cyclic derivatives into natural products and more complex 
intermediates that can be applied in the total synthesis of biologically relevant molecules. 
They reported a stepwise synthesis of cyclic N,O-acetals in which they started with N-
acyl-lactams 1.32 which underwent a DIBAL reduction to afford the hemiaminal.49 
Surprisingly, no ring opening product was observed, and when the lactam was completely 
reduced it is trapped by TMSOTf to yield the expected cyclic N,O-acetal TMS ethers 
1.33. They were able to perform this sequence on five- to ten-membered lactams. In this 
report they were also able to make iminium 1.34 in situ and add different nucleophiles 
such as TMSCN, allylsilane and siloxyfurans to yield a-alkylated azacycles 1.35 (Figure 
1.8a). 
Later in 2007, Suh published an application of this methodology in the synthesis 
of calycotomin 1.37 and other tetrahydroisioquinolines in which a critical step of the 
synthesis is the DIBAL reduction/TMS protection of the corresponding amide.50 A Lewis 
acid catalyzed Pictet-Spengler-type reaction is performed on the iminium ion to afford the 
tetrahydroisioquinoline 1.37. (Figure 1.8b) Similarly, Suh synthesized 5,6-
dihydrophenanthridine 1.39 via the N,O-acetal TMS ether 1.38 by electrophilic 
cyclization of the corresponding iminium to form the expected product 1.39.51 (Figure 
1.8c) 
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Figure 1.8. a. Conversion of lactams to the a-alkylated azacycles via cyclic N,O-acetal TMS ether. b. Synthesis of 
calycotomine via Pictet-Spengler Type Reaction. c. Synthesis of 5,6-dihydrophenanthridines via N,O-acetals 
TMS ethers.  
In 2007, Floreancig and coworkers developed a multicomponent approach to the 
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was to provide an alternative pathway to the hemiaminal ether. As previously mentioned, 
Greene reported adding sulfonates 1.26 to form a-sulfonyl amides 1.27 to generate 
acylimines 1.28, but that has been seen to be very limiting in substrate capability and can 
be impossible for sensitive intermediates.43 (Figure 1.7a) Majoral reported a new route to 
metalloimines from the hydrometallation of nitriles 1.40, followed by acylation by the 
addition of acid chlorides.53 Majoral developed an elegant method in which sterically 
hindered nitriles formed the metalloimine with the Schwartz’ reagent followed by the 
addition to acid chlorides which afforded isolable acylimines. Floreancig’s work further 
elaborated the method by demonstrating a way to make hemiaminal ethers by simply 
adding a nucleophilic addition to the hydrozirconation and acylation sequence. The 
method includes charging the cyanohydrin ether 1.40 to hydrozirconation, followed by 
acylation with PhOC(O)Cl, and methanol addition. (Figure 1.9a) Nucleophilic addition of 
methanol can produce multiple intermediates. The major product 1.47 is formed through 
chelation, which is enforced through the hydrogen bonding with methanol 1.45 and the 
minor 1.48 is formed through Felkin-type intermediate 1.46. (Figure 1.9b) Interestingly 
when THF is used, the chelation is disturbed favoring the Felkin-type product 1.48. Other 
amino protecting groups, such as sulfonyl, isopropyl and benzyl carbamates, were 
tolerated. Additionally, other cyanohydrins, such as OBz substrates 1.49 were endured. 
Also, when removing the alpha oxygen 1.50 and using an aryl cyanohydrin to afford 1.51 
with satisfying yields. This method was also used to make the core structure of 
the pederin/psymberin family as a mixture of diastereomers 1.52. (Figure 1.9c) 
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Figure 1.9. Synthesis of hemiaminal ethers via nitrile hydrozirconation. (Floreancig, 2007) 
 
Another method to make N-acyl-N,O-acetals was reported by Wen and coworkers 
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to make N-tert-butylsulfinylimines from aldehydes and amides,55,56 a study was set to 
investigate the possibility to employ similar synthetic strategies to make N-acylimines 
from aldehydes and amides. When doing the preliminary experiments of p-
nitrobenzaldehyde 1.56 with benzamide 1.55 and Ti(OEt)4, no imine was observed but 
instead provided N-benzoyl-O-ethyl-N,O-acetal 1.57. Others Lewis acids and Brønsted 
acids were screened and trace amounts of the N,O-acetal was formed. Ti(OEt)4 facilitated 
formation of N,O-acetals 1.54 due to its weak Lewis acidity and the ortho group effect of 
the incorporated ethoxide from the titanium. When Ti(OiPr)4 was used, the N-benzoyl-O-
iPr-N,O-acetal was observed. The scope of the reaction proved to be general. Aromatic 
and aliphatic aldehydes and structural variations in the amides were broadly tolerated. 
(Figure 1.10a) Other alkoxy groups were incorporated when using other alcohols as 
cosolvents through alkoxide exchange of the OEt to afford the expected product 1.57. 
(Figure 1.10b) This methodology was applied in the synthesis of the natural product 
turtschamide 1.61, a cyclic putrescine bisamide, in a 7-step sequence. After forming 
aldehyde 1.58, Ti(OEt)4 was employed with amide 1.59, to form the expected N,O-acetal 
1.60 in satisfactory yields, which then was deprotected and in the presence of Zn(OTf)2 
cyclized to form aminal, and then upon a second deprotection yielded turtschamide 1.61 
(Figure 1.10c). Other analogues of the natural product were also synthesized. 
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Figure 1.10. Synthesis of N-Acyl-N,O-acetals mediated by titanium ethoxide. (Wen, 2013) 
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Manolikakes and coworkers published additional N-acyl-N,O-acetals 
methodology that included the addition of an amide to an aldehyde to give an N,O-
hemiaminal followed by acid-catalyzed reaction with an alcohol.57 The magnesium 
carboxyimidoate, generated from benzamide 1.53 and MeMgCl or iPrMgCl·LiCl, was 
added to the benzaldehyde derivative to furnish the desired hemiaminal 1.62 in 
quantitative yield. Stoichiometric amounts of base were necessary in the reaction to 
achieve efficient yields. As expected the hemiaminal 1.62 was unstable towards column 
chromatography or prolonged storage. Treatment of the crude hemiaminal 1.62 with 
MeOH in the presence of suitable acidic catalyst furnished the corresponding N-acyl-
N,O-acetal 1.63 in satisfactory yield over the two steps. The catalysts that afforded the 
best yields were Sc(OTf)3 and pyridinium p-toluenesulfonate (PPTS). (Figure 1.11a) The 
scope of the method was then investigated. Various aryl and heteroarylaldehydes, 
alkylaldehydes and even citronellal all seen to be suitable substrates when reacted with 
benzamide. A variety of different amides were also tolerated including aryl and 
alkylamides. Carbamates 1.65, electron-poor, and heteroaromatic amides 1.66 afforded 
the corresponding N-acyl-N,O-acetals albeit with very low yields. Replacement of MeOH 
with other alcohols in the transacetalization step yielded the expected O-alkyl-N,O-
acetals 1.67 in moderate to good yields. (Figure 1.11b) This magnesium-mediated 
addition of amides to aldehydes followed by an acid catalyzed transacetalization yielded 
a very broad scope and efficient rapid access to various N-acyl-N,O-acetals 1.63.  
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Figure 1.11. Magnesium-mediated synthesis of N-Acyl-N,O-acetals from aldehyde, amides, and alcohols. 
(Manolikakes, 2015) 
In an effort to apply hemiaminal ethers in synthesis, Manolikakes published 
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1.69 followed by the trapping of an in situ generated N,O-hemiaminal intermediate 1.70 
with a suitable nucleophile.58 (Figure 1.11c) Then in 2018, in attempts to expand the 
methodology, Manolikakes attempted to use phthaloyl enamide 1.72 to obtain the 
corresponding 1,3-diamine. Unfortunately, no expected product was observed but another 
interesting product was observed. The synthesis of dihydropyrimidones 1.74, which can 
be found in various natural products and pharmaceutical compounds, was achieved via a 
hetero-Diels-Alder reaction involving enamide 1.72 and hemiaminal ether 1.69. (Figure 
1.11d) Both methods proved to be fairly general when it came to their substrate 
capabilities.59  
1.3 Synthesis of other N,O-acetals  
In 2005, Kita developed a method to directly synthesize hemiaminal ethers using 
a hypervalent iodine(III) reagent via oxidative fragmentation of a-amino acids and a-
amino alcohols.60 In their synthesis of hemiaminal ethers, Kita expanded their 
hypervalent iodine chemistry to use bis(trifluoroacetoxy)iodo(III) pentafluorobenzene 
(C6F5I(OCOCF3)2) in their efficient direct synthesis of N,O-acetal compounds 1.76. 
(Figure 1.12a) They also applied this methodology into the first diastereoselective total 
synthesis of the marine anti-cancer alkaloid (+)-discorhabdin A (1.82), and other related 
compounds.61 (Figure 1.12c)  
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Figure 1.12. Synthesis of N,O-acetals via oxidative fragmentation of a-amino alcohols with C6F5I(OCOCF3)2. 
(Kita, 2004) 
The method was tolerant to a variety of different protecting groups on the amine, 
such as FMOC, CBZ and phenyl benzamide. The method also allowed for different R3 
groups such as alkyl and the more inactive methyl and benzyl esters; to overcome this 
low reactivity the ester substrates were allowed to stir longer to achieve higher yields. 
Additionally, a-amino acids were more reactive than the a-amino alcohols and 
consequently the stir periods were significantly lowered. (Figure 1.12a) The proposed 
mechanism is the oxidative fragmentation of 1.75 via a five membered transition state 
1.77. (Figure 1.12b) A radical pathway is possible, however ESR experiments do not 
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support this. Benefits of hypervalent iodine(III) reagents include their low toxicity, ready 
availability, easy handling, and reactivities similar to those of heavy metal reagents. 
In 2007, Kita developed another mild and efficient method to access not only 
N,O-acetals but also O,O-mixed and O,S-acetals using weakly electrophilic collidinium 
salts from symmetrical O,O-acetals.62 The collidinium salt does not react with 
allyltrimethylsilane, a very popular nucleophile for oxonium ions, whereas it does react 
with ethanol and allyl alcohol in high yields. This suggests that the salts have weak 
electrophilicity and stronger nucleophiles could react with these salts. The collidinium 
salts 1.85 displaced the OR group in the symmetrical O,O-acetals 1.83 and allowed for 
the nucleophilic addition of other nucleophiles. Nucleophiles include allyl alcohol and 
other alcohol, thiols, and NaN3 to gain access to the corresponding acetals. (Figure 1.13a) 
The mechanism begins with the formation of collidinium salt 1.85 by a reaction between 
the symmetrical O,O-acetal 1.83, TMSOTf and collidine 1.84.63 Once the disappearance 
of the symmetrical O,O-acetal 1.83 is observed, the nucleophile is added to afford the 
desired acetal products. Excess collidine is necessary to maintain the reaction conditions 
mildly basic to facilitate the nucleophile addition and to prevent the reversible reaction of 
the produced acetals, and allow for acid labile functional groups and prevent overreaction 
of the produced acetal.  
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Figure 1.13. Formation of O,O-mixed, O,S- and N,O-acetals using weakly electrophilic salts. (Kita, 2007) 
In order to obtain the hemiaminal ether, NaN3 and trimethylsilyl azide (TMSN3) 
were used as the nitrogen-containing nucleophiles. The previously reported conditions 
were with these nucleophiles, but upon buildup of the electrophilic collidinium salt, 
almost no reactivity was observed for both nucleophiles. Further optimizations were 
performed for both nucleophiles. In the case of sodium azide, the addition of crown ether 
yielded the desired hemiaminal ether 1.87 in excellent yield. (Figure 1.13b) Additionally, 
for the trimethylsilyl azide (TMSN3), the addition of tetrabutylammonium 
difluorotriphenylsilicate (TBAT) was necessary to afford satisfying yields. The method 
tolerated a variety of different acetal substrates including cyclic acetals, albeit the 
substrate tables were performed using alcohol as nucleophiles.  To test the 
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chemoselectivity of the method between the ketals and acetals, substrate 1.88 was 
subjected to the reaction conditions, and no reactivity at the ketal was observed.  
In summary, Kita and coworkers were successful in producing two methods that 
allow for the synthesis of N,O-acetals in one step using very mild and efficient 
conditions. His total synthesis of 1.82 displays the applicability of the method, as well as 
the importance of the development of these hemiaminal ethers.  
In 2015, Diaz-Requejo and coworkers published a synthesis of hemiaminal ethers 
in a multicomponent fashion using aldehydes, amines and alcohols.64 (Figure 1.14a)  In 
order to overcome the drawbacks of multiple equilibria as well as the reduced scope 
observed by Robinson and Stewart noticed in the early 1900s,20 (Figure 1.4) Diaz-
Requejo developed a method in which they use molecular sieves in the dual role of acid 
and dehydrating agent to drive the equilibrium to the thermodynamic hemiaminal ether. 
Many Lewis acids were screened and satisfying yields were achieved only when paired 
with a dehydrating agent. It was discovered that Lewis acids gave a mixture of products 
while the dehydrating agent yielded the thermodynamic product. (Figure 1.14b) The 
scope of the reaction proved to be fairly general for different alkyl aldehydes and alkyl 
alcohols, which were screened with tosyl amine to give satisfying yields. This metal- and 
acid- free method has allowed for the isolation of these products in an irreversible 
manner. 
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Figure 1.14. Direct synthesis of hemiaminal ethers via a three-component reaction of aldehydes, amines, and 
alcohol. (Diaz-Raquejo & Perez, 2015)   
Phthalimides are also synthetically useful functional groups for N,O-acetal 
synthesis.  As chemical motifs, phthalimides are easily cleaved using relatively mild 
conditions while being inert under most reaction conditions.65,66 Hemiaminal ethers made 
using this protecting group are synthetically useful due to the unlocking of a broad range 
of reactivity unique to the phthalimide or the deprotected amine. This prompted Tan and 
Willoughby to develop methodology to access hemiaminal ethers. In 2015, Tan and 
coworkers achieved the synthesis of phthaloyl-N,O-acetals via cobalt- 
mediated decarboxylative acetoxylation of amino acids and arylacetic acids.67 This 
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method included phthalimide-protected phenylglycine derivatives 1.91 
and iodosobenzene diacetate 1.92 to react in the presence of a catalytic amount 
of Co(OAc)2·4H2O to form the expected products 1.93 in high yields. (Figure 1.15) The 
substrate scope was investigated by using other N-protected amino acids and it was 
shown that different electron withdrawing aryl groups and alkyl groups also afforded 
satisfactory yields.   
 
Figure 1.15. Cobalt-catalyzed decarboxylative acetoxylation of amino acids and arylacetic acids. (Tan, 2015) 
In 2016, Willoughby and coworkers developed a method making phthaloyl-N,O-
acetals 1.95 by reacting N-acyl phthalimide 1.94 and aldehyde 1.24 in the presence of 
catalytic amounts of NaI and potassium phthalimide.68 This reaction proceeds via an 
interesting mechanism in which potassium phthalimide adds to the aldehyde to form the 
alkoxide adduct. Then acylation of the alkoxide forms by the direct attack of the N-acyl 
phthalimide to give rise to the product and regenerate the phthalimide anion. (Figure 
1.16b) NaI was used to generate Na+ as a better counterion to the phthalimide anion 
which facilitated the catalyst turnover. The reaction proved to be tolerant to other 
aldehydes when using the standard conditions. (Figure 1.16a) Other acyl groups were 
successfully installed when reacting stoichiometric amounts of NaI and potassium 
phthalimide in the presence of acid chlorides 1.96. Additionally, heteroaromatic amine 
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1.99 were also screened. (Figure 1.16c) Free amines also react analogously to form the 
acyl amine 1.100 which then adds to an aldehyde yielding the expected products 1.101. 
(Figure 1.16d) This method proved to be very tolerant in scope and allowed for the 
discovery of an interesting, new mechanism. In addition to the aforementioned methods 
have contributed to the synthesis of hemiaminal ethers and their applications to natural 
products, Porco7 and Smith8 both developed methods in the efforts to make the 
hemiaminal ether containing natural products, zampanolide 1.1 and (+)-irciniastatin A 
1.2, respectively. 
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Figure 1.16. Synthesis of N,O-acetals by net amide C-N bond insertion of aldehydes into N-acyl phthalimides and 
N-acyl azoles. (Willoughby, 2016) 
In 2002, Porco and coworkers described a synthesis of the hemiaminal side-chain 
of the zampanolide 1.104. In efforts to make the hemiaminal, they developed a pathway 
to the hemiaminal ether via oxidative decarboxylation of the N-acyl-a-amino acid 1.102.7 
At this point a Yb(OTf)3-mediated solvolysis was performed on the intermediate 1.103, 
accessing the hemiaminal 1.104. (Figure 1.17a) They propose that the hemiaminal is 
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stabilized by a hydrogen bonding network. In the same year, Smith and coworkers 
published a total synthesis of (+)-zampanolide employing the well explored Curtius 
rearrangement to install the hemiaminal ether moiety.8 Later in 2013, Smith employed a 
similar strategy in the synthesis of the related (+)-irciniastatin A (or psymberin) 1.2 and 
(−)-irciniastatin B.69 (Figure 1.17b) However, in both cases the hemiaminal ether moiety 
requires a previously installed stereocenter. Therefore, the ability to directly install the 
hemiaminal ether asymmetrically in one step is of critical importance when making these 
chiral subunits. 
 
 
Figure 1.17. a. Preparation of N-acyl-hemiaminal via oxidative decarboxylation. (Porco, 2002) b. Hemiaminal 
synthesis of the total synthesis of (+)-zampanolide. (Smith, 2002) 
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1.4 Asymmetric Methods for the Synthesis of Hemiaminal Ethers  
Antilla has been the pioneer in the synthesis of chiral hemiaminals. His group 
published the first study in 2008 using a chiral phosphoric acid and acyl imines.70 In 
2005, his group published an enantioselective amidation of imines catalyzed by VAPOL-
phosphoric acid.71 By Brønsted acid activation of the imine, a chiral ion-paired iminium 
complex was formed that upon addition of the nucleophile led to a chiral product. In 
order to continue the group’s studies involving asymmetric catalysis with chiral Brønsted 
acids 1.110, they used the activation of imines 1.107 to create a similar chiral ion pair 
that upon addition of an alcohol afforded the chiral hemiaminal ether 1.109. (Figure 
1.18a) The chiral phosphoric acid-catalyzed addition of alcohols seemed to be quite 
general. The method tolerated primary, secondary, and sterically hindered tertiary alcohol 
with moderate to high selectivity. A variety of imines were also screened; para, meta, & 
ortho-substituted aryl substrates gave the same e.r. as that of p-substituted aryl substrates, 
however, a lower enantioselectivity was observed for an aliphatic imine. Nonetheless, 
Antilla developed a direct method to form chiral N,O-aminals in a straightforward 
procedure in high yields with excellent enantiomeric excess. In 2011, he expanded this 
methodology to prepare N,S-acetals by simply changing the nucleophile to a thiol while 
maintaining the acyl imine.72  
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Figure 1.18. Catalytic asymmetric addition of alcohols to imines (Antilla, 2008, 2014). 
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Antilla expanded his methodology by synthesizing chiral 1,3-oxazolidines via 
cyclization through intramolecular nucleophilic substitution in a 5-exo-tet fashion.73 
(Figure 1.18) When screening chiral phosphoric acids, they observed low ee for the 
product. After screening the alkali and alkaline-earth metal complexes of these chiral 
phosphates, satisfactory ee and yields were achieved using a 3,3′-triisopropyl-derived 
BINOL phosphate magnesium complex 1.116. Other complexes such as Ca, Li, Al, Zn, 
and Sr complexes with the 3,3′-triisopropyl-derived BINOL phosphate yielded moderate 
selectivity. The 1,3-oxazolidines were synthesized in a two-step procedure starting with 
the synthesis of the hemiaminal ether intermediate by reacting the acyl imine, 1.111, with 
the primary alcohol, 1.112, and the magnesium chiral complex 1.116. The acyclic 
hemiaminal ether performed the intramolecular cyclization to afford the chiral 1,3-
oxazolidines 1.113. Different imine substrates were examined resulting in good yields 
and high enantioselectivities. Both electron donating and electron withdrawing groups 
were tolerated in the para, meta and ortho position. 1,3-Ozazinanes 1.115 were also 
synthesized by changing 2-chloroethanol to a more reactive 3-bromopropanol 1.114 to 
form the six-membered product with good yields and selectivity. A similar scope was 
performed and a wide variety of imines were tolerated. (Figure 1.18b) 
1.5 Conclusion and Perspective 
The recent developments in the area of synthetic methods for hemiaminal ethers 
or N,O-acetals have been summarized. Although significant work has been done 
involving interesting synthetic methods with innovative mechanisms in recent years, 
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unfortunately many of these methods suffer from limited substrate scope, multiple steps, 
low efficiency, toxic reagents, or specific starting materials. Furthermore, most of the 
work in this field has been done with the intention of making N-acyl-N,O-acetals as 
stable surrogates for N-acyl-iminium ions to be used in further synthesis. Very little work 
has been done in rendering these novel and useful subunits asymmetric as it is 
highlighted by the fact that only one group has done extensive work on the topic. 
Therefore, new and efficient methods with high atom and step economy could be 
desirable for the synthesis of chiral hemiaminal ethers. In this context, chiral Brønsted 
acid catalyzed N-C-O bond formation is a suitable method to access chiral hemiaminal 
ethers with generalized, highly modular substrates that could be used as useful chiral 
intermediates for further transformations. In addition, expanding this mode of asymmetric 
catalysis to a variety of different systems without using metals or toxic reagents could be 
extremely attractive and useful.  
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CHAPTER TWO. Synthesis of 1,3-Diamines via Asymmetric Mannich Reaction 
using Latent Nucleophiles and Acyl Imines – Reaction  
 
2.1 Introduction 
Hemiaminal ethers are useful synthetic intermediates that have a broad range of 
applications.16 This reactivity is facilitated or catalyzed by Brønsted or Lewis acids to 
activate the electrophilic iminium species to enable a nucleophilic addition from a variety 
of different nucleophiles, dienes and dienophile. These transformations are rendered 
asymmetric by using a chiral Brønsted acid or chiral ligands on Lewis metals. While both 
types of catalysts are extensively used in the development of asymmetric methodology, 
for these purposes the primary focus will be on Brønsted acid catalysis. Hydrogen 
bonding catalysts are amongst the most sought-after targets by research labs with the 
intention to replicate the control that nature exhibits. To this degree, Brønsted acids have 
proven extremely versatile and efficient when used as catalysts. Brønsted acids are 
known to react either through reversible protonation of the electrophile to lower the 
LUMO in a pre-equilibrium step prior to nucleophilic attack or through proton transfer to 
the transition state in the rate-determining step. Examples of Brønsted acids range from 
the weaker acid such as thioureas 2.1 and 2.2,74–78 squaramide 2.3,79 TADDOL 2.480,81 
and BINOL 2.582 to the stronger acids such as chiral phosphoric acids 2.6,83–88 N-
triflamide 2.8, and the more recently explored IDP 2.9 and IDPi 2.10 (Figure 2.1b). 
  
  
32 
 
 
Figure 2.1. Modes of activations of Brønsted-acid catalysis vs hydrogen-bond catalysis. Chiral Brønsted-acid 
derivatives and their respective pKa values.  
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While all of these are classified as Brønsted acid in a broader sense, there are two 
modes of reactivity depending on the acidity of the catalyst. Neutral, less acidic small 
organic molecules such as chiral thiourea, TADDOL, and squaramide derivatives have 
been reported to catalyze a variety of different transformation as hydrogen-bond donors. 
Due to their neutrality these compounds are considered hydrogen-bond catalysts.89–92 The 
second mode of reactivity is Brønsted acid catalysis performed by catalyst such as chiral 
phosphoric acids and IDP. (Figure 2.1a) Although differentiating between these two 
modes of reactivity can be difficult, the difference lies in the two different transition 
states. As highlighted in Figure 2.1a, the transition state of the hydrogen-bond catalysts is 
a hydrogen-complex, and that of the Brønsted acid catalysis is a protonated ion pair. 
Theoretical studies of the transition states have been explored and have fully 
differentiated the two modes of activation. Akiyama and Mori published an extensive 
review of Brønsted acid catalysis highlighting the major difference between the two 
systems.93 This chapter will focus on the latter mode of reactivity, that of Brønsted acid 
(H+) catalysis and more specifically chiral phosphoric acids.  
The Schaus lab has done some extensive work in Brønsted acid catalysis. The first 
being a Morita-Baylis-Hillman (MBH) reaction published in 2004 that included the use 
of weak Brønsted acid such as (H8)-BINOL, 2.14, in the presence of triethylphosphine to 
catalyze the MBH reaction of aldehydes, 2.11, and cyclic enones. 2.1294 The catalytic is 
highlighted in Figure 2.2b. In the same year, a second publication was reported a further 
optimization of the method using the same family of catalyst and expanding the substrate 
capabilities.95 (Figure 2.2a) The mechanism involved hydrogen-bonding catalysis without 
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forming a discrete ion pair. (Figure 2.2b) In 2014, the Schaus lab published another 
Brønsted acid catalyzed method involving addition of 2H-chromene acetals 2.17 to 
diazoesters 2.18.96 Chiral phosphoric acids 2.20 were used to activate the acetals to form 
a prochiral oxocarbenium ion that upon addition of the diazo acetate yielded the valuable 
chiral 2H-chromene scaffolds 2.19. Unfortunately, satisfactory enantioselectivities were 
not achieved after the screening different chiral phosphoric acids 
 
 
 
Figure 2.2. Asymmetric Morita-Baylis-Hillman Reactions Catalyzed by Chiral Brønsted Acids (Schaus, 2004) 
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Figure 2.3. Cooperatively Catalyzed Brønsted Acid/Lewis Acid Addition of Diazoesters to 2H-Chromene 
Acetals.  
In recent years, interest in phosphoric acids as Brønsted acid catalyst has grown. 
Phosphoric acids have been shown to catalyze multiple different types of transformations. 
The acidic nature of the hydroxyl group and the basicity of the phosphoryl oxide leads to 
a dual Brønsted acid/base functionality. In 2014, Rueping published an extensive review 
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mechanisms and transition states.88 Nobel prize winner Sir John Cornforth is very seldom 
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which in part could potentially lead to a stereospecific outcome. (Figure 2.4a) As shown 
in Figure 2.4b, the mechanism of this hydration is an ion pair of between the protonated 
alkene and phosphoric conjugate base, 2.23, which then upon addition of the H2O would 
lead to the hydration product 2.24. Although no enantioselectivites evaluations were 
done, these catalysts performed similar to that of comparable acids such as TsOH. While 
Conforth’s ideas on catalyst design and structure were made over 30 years ago, they 
paved the way for research in the use of chiral phosphoric acids that is ongoing today.   
 
 
Figure 2.4. Phosphinic acid catalyst developed by Sir John Cornforth in 1978 for the hydration of olefins.  
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scaffold and aryl group to develop a chiral environment that would lead to chiral product. 
We have been able to successfully apply this concept to asymmetric Mannich methods 
using imines as electrophiles and carbamate derivatives as the nucleophiles and 
discovered a new reactivity that has allowed us to expand the synthetic usefulness of the 
Mannich reaction.  
 
2.2 Background 
 
 Although BINOL-derived chiral phosphoric acids have been used in synthesis for 
over 40 years, it was not until 14 years ago that these were used as catalysts in the reports 
published by Akiyama and Terada. The pioneer of phosphoric acid asymmetric catalysis 
is Professor Akiyama. In his report on the chiral Brønsted acid-catalyzed Mannich 
reaction in 2004,104 Akiyama used 2-hydroxyphenyl imine 2.25 with silyl ketene acetals 
2.26, in the presence of 10 mol% CPA 2.28 to give the Mannich product 2.27 in high 
yields and selectivity. (Figure 2.5) In his original report, he observed that the reaction 
was tolerant to a variety of different substrates. In 2007, Prof. Akiyama recognized the 
importance of the hydroxyl group present on the imine and performed theoretical 
calculations to define a dual activation mechanism as shown in Figure 2.5.105 Using DFT 
calculations, he showed that the acidic proton on the CPA will activate the imine, and the 
basic phosphoryl oxide will interact with the acidic proton on the phenol giving a more 
rigid chiral environment. Since these pioneering studies, the reaction has been scaled up 
and a simpler catalyst has been discovered while maintaining the reactivity and 
selectivity seen in the original publication.106–108  
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Figure 2.5. Mannich-type reaction by Akiyama and coworker (2004) 
 
 Later, Terada and coworkers developed a second Mannich reaction using chiral 
phosphoric acid catalysts.109 When he published his paper in 2004, following Akiyama’s 
paper, Terada showed that using BOC imine 2.29, with acetoacetone 2.30, and 2 mol% of 
CPA 2.31 at room temperature yielded the Mannich product 2.32 in high 
enantioselectivity. (Figure 2.6) After a mechanistic study, Terada proposed an opposing 
model to Akiyama in which a simple mono contact H-bonding interaction between the 
phosphoric acid and the imine occurs.110 A later mechanistic study by Goodman showed 
that the catalyst has a bifunctional role where it also activates the acetoacetone by 
stabilizing the tautomer and facilitating the nucleophilic addition.111 Similar to what was 
seen in Akiyama’s method substrate generality was observed. This dual functionality has 
since been taken advantage of by other groups, such as Rueping, where he showed a 
direct Mannich using methyl ketones in which the CPA stabilizes the enol tautomer for 
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nucleophilic addition.112 We have successfully applying this dual functionality of chiral 
phosphoric acids with a specific enecarbamate the upon protonation/tautomerization will 
allow for nucleophilic attack and enable us to take advantage of the reactivity that will be 
discussed in further detail.  
 
 
 
Figure 2.6. Direct Mannich Reaction by Terada (2004); Transition state proposed by Goodman (2011) 
 
 Aside from the acid/base dual functionality, Akiyama and Terada noted that 
substitution on the 3,3’ position on the catalyst was extremely important for catalysis. In 
Akiyama’s case, he noted that the electronics at the 3,3’ substitution led to high 
selectivity. Having the p-NO2 phenyl group 2.28 led to an increase in e.r. due to the 
electron withdrawing group which increased the acidity of the acid allowing for an 
increased rigidity in the chiral active site upon activation of the substrate. Conversely, 
Terada noted that steric effects contributed to the selectivity that was observed. The 
fundamental difference in these two catalysts design highlights the importance of catalyst 
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design and the architecture of this active site. Other groups such as Zhang and Zhou have 
recently taken advantage of the precedence set by Terada and Akiyama and also 
published asymmetric Mannich methods based on their reactivity.113,114  
 In 2008, Schneider published the first report a vinylogous Mannich reaction using 
acyl imine 2.33 and silyl ketene acetals 2.34 with CPA 2.35.115 A 5 mol% CPA loading 
was used to achieve good yields and high enantioselectivites of the corresponding α,β-
unsaturated δ-amino esters 2.36. The use of a bulkier catalyst resulted in lower 
selectivity. (Figure 2.7a) Interestingly, an unusual solvent mixture containing equal 
amounts of THF, tBuOH, and 2-Me-2-BuOH with the addition of 1 equiv. of water was 
needed to increase the rate of the reaction while keeping the selectivity. As expected, 
when just a protic solvent was used as the solvent no selectivity was observed. After 
doing a mechanistic study, it was noted that the water was necessary to capture the 
cationic silicon species. While the imines were premade for optimization purposes, the 
methodology showed that the imine could be formed in situ to afford the product with 
similar yield and selectivity. Schneider also applied his synthesis in the total synthesis of 
a few natural products.116 Furthermore, along with Belder in 2011, the reaction was 
scaled down to the point where it could be run on a single chip.117 In the same year, 
extension of the substrate capability was done by using silyl ketene N,O-acetals 2.37 with 
imines 2.33 to afford the unsaturated amide products 2.39 with high yields and 
selectivity.118 (Figure 2.7b) Similar to the previously described method, the imine was 
also prepared in situ starting with the corresponding aldehyde and amine. Both of these 
  
41 
methods have allowed for the synthesis of amine-containing chiral building blocks that 
could be used for further utility or could be templated in natural products. 
 
 
 
Figure 2.7. Vinylogous Mannich reaction by Schneider (2008) 
 
 In the literature, there have been various applications of the Mannich reaction. 
Synthetic organic chemists and medicinal chemists have taken advantage of the Mannich 
reaction’s mild conditions to access complex natural product cores. A classic example in 
Martin’s group, in 1993, they applied vinylogous Mannich reactions to achieve 
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spirocyclic rugulovasines A and B (2.40)119 (Figure 2.8a). More recent examples are 
those in which the Mannich product was used as a means to cyclize by coupling it with 
an aza-Cope. Kurkin and coworkers used an aza-Cope/Mannich cyclization to finish the 
formal synthesis of (±)-acetylaranotin (2.41) by making the bicyclic proline core.120 
(Figure 2.8a) Another application of the Mannich reaction is in the synthesis of pyrrole-3-
carboxaldehydes, 2.42, which are substrates for the biologically active 7-aminoindole 
derivatives, 2.43.121 (Figure 2.8b) As such, the Mannich reaction is seen to be a very 
convenient way to make amine- containing building blocks and nitrogen heterocycles 
seen in many biologically active natural products. 
 
 
 
Figure 2.8. (a) Rugulovasines A and B by Martin (1993) and (-)-acetylaranotin by Kurtin (2016) (b) Synthesis of 
7-aminoindoles by Townsend for biological testing (2014) 
 
 On that note, the primary goal of our method is to access chiral 1,3-diamines. 
Chiral 1,3-diamines are important structural motifs that exist in many natural products 
and pharmaceuticals. They have been used for the synthesis of bioactive molecules such 
as HIV-1 protease inhibitors 2.44 and 2.45,122,123 natural bromopyrrole alkaloid 
manzacidin A 2.46, and marine alkaloids batzalladines 2.47. Furthermore, chiral 1,3-
diamines could also be chiral ligands and auxiliaries used for transition-metal asymmetric 
catalysis and organocatalysis 2.48 and 2.49.124,125 (Figure 2.9) The most common 
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approach in making 1,3-diamines is by Mannich addition to ketimines followed by 
reduction; these approaches have been catalyzed via different modes of reactivity but in 
this thesis Brønsted acid catalyzed approaches will be highlighted. An extensive review 
on synthetic methods to access 1,3-diamines by Ji and Huang outlines other ways to 
access these useful building blocks.126 
 
 
Figure 2.9. Natural products and chiral ligands containing chiral 1,3-diamines.  
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reaction was performed using acyl imine 2.50 with enecarbamate 2.51 yielding the 
corresponding chiral ß-aminoimine Mannich product 2.53 in high yields and 
enantioselectivities. Upon reduction of the imino derivative, the proper chiral anti-1,3-
diamine 2.54 was achieved by reduction with Red-Al in THF at -78 ºC in high yields. 
(Figure 2.10a) In 2009, Terada extended the capability of this method by changing the 
electrophile from acyl imine 2.50 to hemiaminal ethers 2.55.128 This change led to the 
direct insertion of the enecarbamate 2.51 into the activated hemiaminal ether which 
afforded the chiral 1,3-diamine 2.57 in one step (Figure 2.10b). Improving the 
methodology by cutting out the harsh reduction step, albeit, led to loss of diastereo-
control in the reaction, In the same year, Masson and coworkers published another 
Brønsted acid-catalyzed, enantioselective multicomponent Mannich reaction for the 
synthesis of 1,3-diamines.114 . Using a catalytic amount of CPA 2.62, reaction of 
aldehyde 2.59, aniline 2.60, and encarbamate 2.61 yielded the 1,3-diamine 2.63 as the 
hemiaminal ether which then is reduced to anti-1,2-disubstituted 1,3-diamine 2.58 in situ 
with high enantioselectivity. (Figure 2.11) 
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Figure 2.10. Chiral Phosphoric-catalyzed enantioselective aza-ene-type reaction. (Terada, 2006, 2009) 
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Figure 2.11. Chiral Brønsted acid-catalyzed, enantioselective multicomponent Mannich reaction.  
 
 Another Brønsted acid-catalyzed method in which 1,3-diamines were made was 
published by Rueping and coworkers in 2012. The reaction involved cycloaddition of N-
acyl hydrazones and alkenes.129 The reaction allowed for [3+2] cycloaddition of 
hydrazine 2.65 and cyclopentadiene 2.66 in the presence of 5 mol% of a chiral catalyst 
2.67 to afford bicyclic structure 2.68 with high enantioselectivity and excellent 
diastereoselectivity. The desired product 1,3-diamine 2.69 was synthesized in good yields 
via a N-N bond cleavage in the presence of SmI2 (Figure 2.12). 
 
R1CHO ArNH2
R2
NHCbz
catalyst 2.62 (10 mol%)
CH2Cl2, EtOH
0 ºC, 24 h. 
18 examples 
up to 99:1 d.r.
76-99% ee
R1 OEt
NHCbzNHAr
R2
NaBH3CN
pTSA
EtOH, 0 ºC
18 h.
R1
NHCbzNHAr
R2
Ar
Ar
O
O
P
O
OH
Ar = p-ClC6H4
catalyst 2.62
2.59 2.60 2.61
2.63
2.64
  
47 
 
 
Figure 2.12. Chiral Brønsted acid-catalyzed cycloadditions of hydrazones and cyclopentadienes.  
 
 Although few syntheses of 1,3-diamines have been reported involving chiral 
phosphoric acids, many limitations in the existing methodology are still apparent. The 
most obvious is very specialized starting materials used in the reactions. This is best seen 
in Reuping’s use of hydrazones 2.65 and cyclopentadienes 2.66 to make a highly 
specialized bicyclic structure that upon cleavage yields a very specific class of 1,3-
diamines. (Figure 2.12) The other major limitation is the restriction in substrate scope. In 
Terada’s report, the method did not tolerate other enecarbamates and other protecting 
groups on the acyl imine. (Figure 2.10a) There has been extensive methodology 
development focused on chiral phosphoric acid-catalyzed imine activation,88 but 
unfortunately the limitation that is observed throughout is the lack of variability in the 
acyl imine protecting group. For example, when looking at Akiyama’s and Terada’s 
original publications on CPA-catalyzed Mannich reactions involving acyl imine both 
studies were limited to hydroxyphenyl imines 2.25 and tert-butyl carbamates 2.29. 
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(Figure 6 & 7) Herein, when considering the applicability of these methods in a late stage 
medicinal chemistry project or natural product syntheses, the facile deprotection of these 
amines could be of importance. Consequently, developing a method general enough for 
different acyl imine protecting groups would be highly beneficial for the community at 
large. 
  In our studies, we set out to develop a method to access 1,3-diamines in a highly 
modular, versatile fashion via an asymmetric Mannich reaction and simple 
hydrogenation. It was priority to develop a general method that is tolerant towards a 
variety of different substrates including different acyl imine protecting groups. We 
envisioned expanding the existing asymmetric Mannich methods in the Schaus lab by 
incorporating a new system that will allow for direct access to 1,3-enecarbamates that 
upon reduction will yield the desired chiral 1,3-diamines.  
 
2.3 Results and Discussion 
 
 Schaus and coworkers developed a Brønsted base-catalyzed asymmetric Mannich 
reaction using acyl imines 2.71 and ß-keto esters 2.71 to yield chiral ß-amino esters 
2.74.130 The reaction proved to be optimal for benzylidene carbamate 2.70, ß-keto esters 
2.71, and cinchonine 2.72 as the catalyst. The reaction was found to be general for a 
variety of aryl methyl carbamate imines. Most aryl imines readily formed the Mannich 
product in good excellent yields and good enantioselectivites, albeit, some as a mixture of 
diastereomers. The proposed mechanism is the activation of the nucleophile via a 
deprotonation of the ß-keto esters 2.71 by the catalyst 2.72 to afford a chiral ion pair 
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between the cinchonine 2.72 and the ester 2.71 creating a ‘chiral’ nucleophile that will 
then add onto the electrophilic imine 2.71 affording the Mannich adduct 2.74 in high 
selectivity. (Figure 2.13a) The synthetic utility of these products was then shown in the 
synthesis of enantioenriched dihydropyrimidones 2.75.131 (Figure 2.13b) The group 
expanded this methodology by changing the electrophile to an a-amido sulfone 2.76 as 
an acyl imine precursor while keeping the ß-keto esters 2.71 consistent allowing for 
access to a significantly larger substrate pool including inactivated substrates such as 
hydrocinnamoyl derivatives132 (Figure 2.13c A nucleophilic variant was also explored 
when using cyclized ß-keto esters 2.77 with acyl imines to afford a-quaternary carbon 
bearing reaction products 2.78.133 (Figure 2.13d) Upon the establishment of this 
reactivity, it was possible to change the nucleophile to enamine 2.79 to access to 1,3-
diamines 2.80 (Figure 2.13e). 
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Figure 2.13. Brønsted base-catalyzed asymmetric Mannich reaction. (Schaus, 2006) 
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 With a specific goal in mind to expand our Mannich addition methodology, 
additions of enamines to acyl imines were investigated. If successful, the use of the 
Cinchona alkaloids would mark the first dual Brønsted base-catalyzed addition. 
Unfortunately, no expected product 2.83 was observed and it was believed that the 
nucleophile was not getting activated by the catalyst. However, in an attempt to get the 
reaction to work, the reactivity was reversed. Instead of activating the nucleophile 2.82 
with the Brønsted base 2.72, activation of the acyl imine 2.81 was attempted using the 
Brønsted acid, p-TsOH. This approach lowered the LUMO creating an acyl 
iminium/Brønsted acid chiral ion pair that will then be added onto by the enamine 2.82 
yielding the expected product 2.83. (Figure 2.14a) Similarly, the expected product 2.83 
was not observed but complete conversion of the starting materials unveiled very 
interesting reactivity. Rather than the Mannich addition at the expected a-position of 
enamine 2.82, we observed predominately g-addition 2.84. This vinylogous Mannich 
addition is an unprecedented type of reactivity from the present stabilized enolate 
derivative. (Figure 2.14b) The g-addition adducts 2.84 are interesting because typical 
synthesis of similar type adducts require harsh reaction conditions, generation of dianions 
or unstable silyl ketene acetals, such as 2.34 (Figure 2.7).    
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Figure 2.14. The discovery of g- addition via a Brønsted acid-catalyzed Mannich reaction.  
 
Preliminary Condition screen and Catalyst Screen 
 
 To establish starting reaction conditions, the reaction was firstly attempted with p-
toluenesulfonic acid (p-TsOH). As expected, the reaction was successful when using tert-
butyl carbamate and methyl carbamate imine and methyl enecarbamate dissolved in 
toluene in an achiral fashion.  Choice to switch from methylene chloride to toluene was 
made to take advantage of the p-stacking capability of toluene. Satisfactory yields were 
achieved when dissolving the enecarbamate with 10 mol% acid in toluene (0.3 M); upon 
complete solvation, the imine (2.81 or 2.85) was added and stirred at room temperature 
for 18 h. (Table 2.1) 
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Entry Imine Solv. (0.3 
M) 
pTSOH  Temp.  Time Yield 
1 2.81 CH2Cl2 5 mol% r.t. 18 h. 45% 
2 2.81 CH2Cl2 10 mol% r.t. 18 h. 63% 
3 2.81 CH2Cl2 10 mol% 0 ºC 18 h. 10% 
4 2.81 C6H5CH3 10 mol% r.t. 18 h. 75% 
5 2.85 C6H5CH3 10 mol% r.t. 18 h. 70% 
 
Table 2.1. Condition screening for achiral Mannich reaction.  
 
 After the first conditions were found, a preliminary catalyst screen was 
performed. There was a focus in the synthesis of chiral phosphoroamidic acids 2.92 due 
to their infrequent use and novel structure.134,135 The synthesis of these catalysts are 
summarized in Figure 2.15.  
 
 
Figure 2.15. Preparation of chiral phosphoramidic acids. 
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selectivity. These results are attributed to the inaccessibility of the active site of the 
catalyst due to the very closed geometry of the catalysts. Catalyst built from the (1R,2R)-
(+)-1,2- diphenylethylenediamine 2.95 and (R)-(+)-1,1’-binaphthyl-2,2’-diamine 2.97 
gave better reactivity of  >70% yield but an 72:18 e.r. when using catalyst 2.95 and 77:23 
e.r. when using catalyst 2.97 with methyl carbamate imine 2.81 and methyl enecarbamate 
2.82 under the standard conditions. (Table 2.2) Given that catalyst 2.97 gave an improved 
selectivity of 77:23 e.r., it was believed that the chirality could be influenced by catalyst 
design. 
 
 
Entrya catalyst Yieldb e.r.c 
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2 2.94 9% 64:46 
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aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CH3 (0.3 M). Imine 2.81 (0.5 mmol) was added and stirred at r.t. for 18 h. bIsolated 
yields. cDetermined by chiral HPLC. 
 
Table 2.2. Reactivity of phosphoramidic acid catalysts in the Mannich reaction.  
 
 Using methyl carbamate imine 2.81 and methyl enecarbamate 2.82, a second-
generation catalyst screen was performed using the standard conditions, which included 
more traditional phosphoric acids. Catalysts screened derived from a vaulted biaryl diol 
(VAPOL) 2.124, binaphthyl (BINOL) 2.98-2.117 and the (H8)-binaphthyl (H8)-BINOL) 
2.118-2.123 diol and acidity were also tested by changing to the N-phosphoramide 2.125 
and sulfonyl imides 2.126. Parallel screening of (H8)-BINOL and BINOL derived 
catalysts was performed by altering the 3,3’-substitution on the catalysts. Electronic and 
steric variations were investigated and, similar to the results of Terada (Figure 2.10), 
steric effects highly influenced enantioselectivity. Using the sterically demanding 
phenanthryl BINOL derived catalyst 2.104, we were able to achieve a modest yield of 
48% and a selectivity of 93:07 e.r. This catalyst was deemed to be optimal and an 
improvement in selectivity would be achieved via reaction engineering. (Table 2.3) 
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Entrya Catalyst Yieldb e.r.c 
1 2.98 50% 57:43 
2 2.99 59% 75:25 
3 2.100 18% 68:32 
4 2.101 32% 74:26 
5 2.102 45% 84:16 
6 2.103 37% 91:09 
7 2.104 48% 93:07 
8 2.105 33% 70:30 
9 2.106 36% 81:19 
10 2.107 27% 71:29 
11 2.108 42% 72:28 
12 2.109 23% 70:30 
13 2.110 45% 76:24 
14 2.111 23% 85:25 
15 2.112 24% 68:32 
16 2.113 64% 83:17 
17 2.114 24% 75:25 
18 2.115 26% 75:25 
19 2.116 31% 52:48 
20 2.117 33% 68:32 
21 2.118 20% 51:49 
22 2.119 23% 68:32 
23 2.120 55% 62:38 
24 2.121 45% 55:45 
25 2.122 25% 59:41 
26 2.123 55% 65:35 
27 2.124 60% 68:32 
28 2.125 8% 51:49 
29 2.126 No Reaction --- 
aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CH3 (0.3 M). Imine 2.81 (0.5 mmol) was added and stirred at r.t. for 18 h. bIsolated 
yields. cDetermined by chiral HPLC. 
 
Table 2.3. Reactivity of chiral phosphoric acid catalysts in the Mannich reaction. 
 
 A solvent screen was next performed on the parent reaction using catalyst 2.104. 
A series of aprotic, non-coordinating solvents were screened and trifluorotoluene was 
deemed to be the optimal solvent affording a 65% yield of 2.86 in 96:04 e.r. This 
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improvement can be attributed to the solvent’s p-stacking capabilities along with its high 
polarity index. It is believed there is a significant solvent effect in the reaction. The 
trifluorotoluene could be stabilizing the imine – CPA chiral ion pair via p-stacking and 
the polar nature of the solvent could also be further stabilizing any ionic intermediate in 
the reaction. Albeit, chloroform performed comparably but was not chosen due to the 
possibility of trace amounts of HCl which could lead to an achiral catalyzed pathway. 
The yield was increased to 98% after stirring for 36 h with 10 mol% of catalyst in 
trifluorotoluene. (Table 2.5) 
 
 
   
Entrya Solvent Yieldb e.r.c 
1 Benzene 27% 93:07 
2 Toluene 48% 93:07 
3 Xylenes 36% 92:08 
4 Trifluorotoluene 65% 96:04 
5 Chlorobenzene 55% 95:05 
6 Chloroform 64% 96:04 
7 Dichloromethane 59% 90:10 
8 Dichloroethane 67% 91:09 
9d Trifluorotoluene 98% 96:04 
10 Ethanol 62% 51:49 
aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CH3 (0.3 M). Imine 2.81 (0.5 mmol) was added and let sir at r.t. for 18 h. bIsolated 
yields. cDetermined by chiral HPLC. dReaction was let stir for 36 h. 
 
Table 2.4. Solvent screen for the Mannich reaction.   
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Mechanistic Studies 
 
Upon discovering the solvent of choice, we focused on probing the mechanism of 
the reaction in situ in order to help modify reaction conditions to improve the selectivity 
to >98:02 e.r. The originally proposed mechanism was similar to a mechanism proposed 
by Terada and coworkers using acyl imines and acetoacetones (Figure 2.10). Upon 
activation of the acyl imine 2.127, the enecarbamate 2.82 will form the tautomer 2.127 
via gamma deprotonation to form the enol. This enol 2.127 may be stabilized by the basic 
phosphoryl oxide, as proposed by Goodman, which facilitates the addition yielding the g-
addition Mannich product 2.86. (Figure 2.16) In order to support our proposed 
mechanism, we sought out to design mechanistic studies. 
 
 
 
Figure 2.16. Proposed mechanism for the vinylogous Mannich reaction.  
 
 The first mechanistic study that was done was an NMR study in which we 
monitored the reaction in situ. The standard conditions were used, with the exception of 
running the reaction in deuterated trifluorotoluene; aliquots of the reaction were taken out 
in 10-minute intervals and analyzed. It should be pointed out that anhydrous 
dichloromethane was used as an internal standard. Unfortunately, due to a mixture of 
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rotamers at room temperature, accurate conversion could not be defined. However, it was 
significant that at room temperature the distinguishable imine peak at ~8 ppm disappears 
after just stirring at room temperature for 40 minutes. Another method in which we 
monitored the reaction employed ReactIR 15 (Figure 2.17). 
 
Figure 2.17. In situ NMR study.  
 
 Experimentally, the reaction was monitored in situ using the React IR with a 
diamond probe that was directly inserted in the flask. (Figure 2.18a) Under the optimized 
condition the reaction was set up and an IR spectrum (Figure 2.18b) was taken every 
minute for 20 h and an interesting, unexpected result was observed. When the profile of 
the reaction was analyzed and standardized, it was apparent that the starting materials 
(~1280 cm-1) were completely consumed within the first 40 minutes of the reaction, an 
observation similar to that seen in the NMR study. The disappearance of the starting 
materials coincided with the appearance of a new component in the reaction, which was 
believed to be the product. However, it was not until a reaction time of 40 minutes at the 
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maximum buildup of this new component that the bands corresponded to the product 
(~1180 cm-1) started appearing. Importantly, this signified that the starting materials 
form an intermediate that upon complete conversion may rearrange to the expected 
product. This pivotal discovery completely altered our proposed mechanism and led us to 
propose a new mechanism. Herein, efforts then turned to the isolation of this intermediate 
and complete characterization. 
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Figure 2.18. ReactIR 15 mechanistic study showing the discovery of the intermediate.  
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After stirring the reaction for 40 minutes, the reaction was closely monitored by 
TLC and a new spot near the base line was separated via flash column chromatography 
and was characterized as the hemiaminal ether 2.129 (Figure 2.19). A variety of NMR 
experiments were conducted to verify the structure of this intermediate. Proton and 
carbon NMR showed the expected peaks but with a significant mixture of rotamers and 
some solvent peaks; it was found that if the compound was left under high vacuum, it 
will rearrange affording a mixture of the hemiaminal ether intermediate and the enamine 
amine. Higher temperature VT experiments were attempted in which case quick 
conversion to the diamine was observed. As seen in Table 2.5 and Table 2.6, the 
conclusive peaks are the 1H broadened singlet at 5.39 – 5.27 ppm signifying the 
hemiaminal ether proton (H1), the strongly coupled pair of 1H doublets seen at 5.95 and 
5.85 ppm with a matching coupling constant of ~10.0 Hz which it is believed to be the 
vinylogous methylene peaks (H2, H3). The N-C-O carbon (C1) is observed in the 
expected range (54.4 ppm) but interestingly the vinylic carbon (C4) is seen at 50.9 ppm. 
This can be explained by most of the electron density in the molecule on that carbon 
creating a significant shielding effect causing the resonance to be more upfield than 
traditional vinyl peaks (Full spectra are provided in the experimental section). Besides the 
highlighted peaks, other NMR data was found to agree with the proposed structure. The 
HSQC showed the expected C-H correlations (Table 2.5), and the gCOSY displayed a 
strong correlation between the methylene peaks (H2 & H3) as well as the correlations 
between the methine peak and one of the methylene peaks (H3 & H4) (Table 2.6). Other 
NMR experiments such as NOESY and HMBC were attempted but conversion to 
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diamine was seen. After the structure was confirmed, chirality of this intermediate was 
also assessed; after chiral HPLC analysis it was observed that when conducting the 
reaction with chiral phosphoric acid, 2.104, the e.r. was 98:02. (Figure 2.19)  
 
 
 
Figure 2.19. Proposed structure for the chiral hemiaminal ether.   
 
 
 
Key C-H Correlations (HSQC_AD, CDCl3) 
Carbon Chemical Shifts (ppm) Proton Chemical Shifts (ppm) 
C1 54.39 H1 5.34 
C2 156.51 (none)  
C3 143.17 (none)  
C4 50.88 H2, H3 6.79, 5.95 
C5 124.89 H4 7.24 
C6 168.67 (none)  
 
Table 2.5. HSQC Data for 2.129 (Select Interactions) 
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1H NMR shifts (GCOSY, CDCl3) 
Protons Chemical Shifts (ppm) 
H1 5.34 
H2 5.95 
H3 6.79 
H4 7.24 
 
Table 2.6. GCOSY 2D NMR Data for 2.86 (Select Interactions) 
 
After confirming the structure of the hemiaminal ether, obvious questions arose; 
1) Which step is enantio-determining? The original addition onto the imine to form the 
hemiaminal ether or its rearrangement to form the diamine? And, 2) is the 
rearrangement occurring through an intramolecular or intermolecular pathway? 
 Which step is the enantio-determining step? To answer the first question, a step-
wise experiment was designed in which two reactions were ran in parallel. One reaction 
was conducted with chiral catalyst (R)-2.104 and was quenched after 40 minutes of 
stirring to isolated the chiral hemiaminal ether 2.129.  This compound was reintroduced 
to the reaction conditions but instead using an achiral acid source (HCl in ether). The 
second was ran with racemic catalyst (+/-)-2.104 to isolate the racemic hemiaminal ether 
(+/-)-2.129 which then is reintroduced the reaction condition but with chiral catalyst (R)-
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2.104. (Figure 2.20) After complete conversion of the racemic hemiaminal ether (+/-)-
2.129 to enamine amine 2.86, there was no observed selectivity. Conversely, when the 
chiral hemiaminal ether 2.129 was stirred with HCl complete enantioselectivity was 
retained upon complete conversion. These results signify that the enantiodetermining step 
is the addition of the carbamate moiety of the enecarbamate 2.82 onto the acyl imine 
2.81. Notably, the addition of the HCl lowered the reaction stirring period from 36 to 15 
h thereby improving the reaction conditions. This could be attributed to the significant 
difference in pKa and the accessibility of the ‘H+’ between the HCl and the CPA.  
 
 
 
Figure 2.20.  Designed experiments that showed the formation of the hemiaminal ether 2.129 is the enantio-
determining step.  
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Is the rearrangement an intramolecular or intermolecular pathway? In order to 
answer this question, several experiments were designed. The first was a crossover 
experiment. A reaction was conducted using structural variants of the model substrates. A 
similar study was performed by Terada and coworkers. In 2009 they published a chiral 
Brønsted acid-catalyzed aza-Petasis-Ferrier rearrangement involving a racemic mixture 
of hemiaminal allyl ethers, 2.130, which goes through a series of sequential 
transformations to afford the optically active b-amino-b-alkylaldehydes, 2.132, via 
intermediary vinyl ethers with high diastereo- and enantioselective manner.136 The aza-
Petasis-Ferrier rearrangement starts off by C-O bond cleavage of the hemiaminal ether 
facilitated by the acid catalyst, 2.133, generating the electrophilic iminium intermediate 
and a nucleophilic enol form of the aldehyde. The enol then adds onto the imine forming 
a C-C bond resulting in the rearranged product, thus providing the b-amino-b-
alkylaldehydes which then is immediately reduced to form the alcohol, 2.132.  
 
Figure 2.21. General method Brønsted acid-catalyzed aza-Petasis-Ferrier rearrangement.  
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Similar to our mechanism, it was envisioned that this mechanism could proceed in 
an intramolecular or intermolecular fashion. In 2014, Terada published a second paper 
elucidating the mechanism of his aza-Petasis-Ferrier rearrangement.137 So in order to 
answer this question they performed a crossover experiment. In principle, if hemiaminal, 
2.134, and hemiaminal, 2.135, are stirred together in a ‘one-pot’ fashion, the normal 
products, 2.136 and 2.137, should be the exclusive products via the intramolecular 
pathway. Inversely, if the reaction proceeds via a intermolecular pathway it would afford 
the normal product and the crossover products, 2.138 and 2.139, as shown in Figure 2.22. 
When running the reaction under the standard reaction conditions using an equimolar 
mixture of substrates, 2.134 and 2.135, considerable amounts of the cross-over products, 
2.138 and 2.139, were obtained, although the normal products were formed mainly. This 
results strongly suggests that the reaction predominately proceeds via an intermolecular 
pathway, as shown in Figure 2.22. We decided to perform this experiment to answer the 
question if the pathway proceeds via an intermolecular or intramolecular pathway.  
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Figure 2.22. Crossover experiment and product distribution.  
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hemiaminal ether, 2.129, and the structural variant, 2.142, and then dissolving both 
purified intermediates in trifluorotoluene in the same flask which was followed by 
addition of 10 mol% of HCl. The one-pot approach required for both reactions to be 
stirred in parallel and the reaction mixture of one flask was then directly added to the 
other reaction mixture and the HCl was added sequentially.  
If the reaction is intramolecular, complete retention of the functional group should 
be observed showing only two possible 1,3-diamines. If the reaction goes through an 
intermolecular pathway, complete scrambling of the functional groups would be observed 
with a total of four different products. Upon complete conversion, both experiments 
yielded only two products, 2.86 and 2.143 with high yields and selectivity (Figure 2.23). 
These results indicate that the reaction will go through an intramolecular pathway. To 
verify these findings, a kinetics experiment was designed. It is believed that if the 
reaction was in fact intramolecular there should be a zeroth dependence on the substrate 
in the rearrangement step, while maintaining a strong dependence on HCl.  
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Figure 2.23. Designed crossover experiments that showed the rearrangement to be an intramolecular process.  
 
Kinetic experiments were conducted using the ReactIR 15 with the diamond 
probe. It was decided to change the concentration of the hemiaminal ether while 
maintaining the catalyst amount of acid in solution consistent. Concentrations 0.6 M, 0.5 
M, 0.4 M, 0.3 M, 0.2 M and 0.1 M were tested at a 0.5 mmol while maintaining the 
catalyst loading at 50 µmol and 0.833 mL of total volume. As seen in Figure 2.24, when 
the reaction profile was plotted all concentration have similar profiles. This is highlighted 
by the k(obs) vs concentration graph showing a straight-line signifying that the reaction is 
in fact zeroth order in respect to the hemiaminal ether concentration. Moreover, when 
altering the concentration of the HCl (1-40 mol%) used in the rearrangement while 
maintaining the other components consistent, an enzyme-like kinetic profile was 
observed, in which the form 1-15% mol% there is a first order regime until it becomes 
zeroth order at higher loading. As seen in the graph in Figure 2.24, complete saturation is 
observed once the catalyst loading reached above 15 mol%. With both the findings from 
the crossover experiment and the kinetic experiments, we can with confidence postulate 
that the rearrangement proceeds via an intramolecular pathway. 
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Figure 2.24. Kinetic experiment of the rearrangement of the hemiaminal ether 2.129 to diamine 2.86. 
 
Absolute Chemistry Determination 
 
The absolute chemistry of the hemiaminal ether intermediate 2.129 and the 
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product. In order to ascertain the absolute configuration of the hemiaminal ether 
theoretical calculations were combined with ECD and SOR experiments.   
 
 
 
 
Figure 2.25. Absolute configuration determination of the product 2.86 via crystallization. 
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methods started by building a molecular model and predefining the chiral center. Then a 
conformational search program (Avogadro) was used to select the conformations within 
10-20 kcal/mol of energy. Once these conformations were found they were then further 
optimized with QC programs (Spartan) via geometry optimization options in order to get 
the conformers with the minimum potential energy. Once fully optimized, the chiroptical 
properties were calculated for all selected conformers. Upon completion of the calculated 
chiroptical properties for the individual conformers, they were weighted to obtain the 
Boltzmann population, which was determined from the Gibbs energies acquired in the 
QC calculations. This then allowed for a Boltzmann-weighted predicted ECD spectra and 
the predicted population weighted SOR. The simulated data was then conveniently 
compared using spectral comparison software. As seen in the overlaid spectra, the ECD 
spectral comparison led to predict the S-conformer of the hemiaminal ether when using 
the R-catalyst, 2.104. The predicted SOR was then compared to the experimental and 
verifies that the orientation in which they polarized light agrees, (+). (Figure 2.24) 
 
 
Figure 2.26. Absolute configuration prediction for hemiaminal ether 2.129 via ECD spectroscopy paired with 
theory. 
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Proposed Mechanism 
 
A revised mechanism can now be proposed after the observations made during the 
mechanistic studies and the determination of the absolute configuration of the 
hemiaminal ether 2.129 and the Mannich product 2.86. (Figure 2.25) The mechanism 
begins with the activation of the acyl imine 2.81 by the chiral phosphoric acid 2.104. 
During the enantio-determining step, the carbamate moiety adds on the enamine 2.82 to 
the iminium ion forming the chiral hemiaminal ether 2.144 after a sequence of 
tautomerization. The acid then protonates the hemiaminal ether activating the system for 
a stereoselective, intramolecular rearrangement to form the desired product 2.86. In 
collaboration with Professor Vetticatt and coworkers at Binghamtom University, 
theoretical predictions will be made of the reaction pathway starting from the hemiaminal 
ether 2.129 with conversion to the product 2.86 using DFT calculation. The intent is to 
follow a series of proposed intermediated and transition states by computing the 
corresponding free energy profile. It is proposed that it goes through a 6-membered 
transition state to form the Mannich product.  
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Figure 2.27. Proposed mechanism. 
 
Optimized Conditions 
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conditions were achieved. After a solvent screen and two generations of catalysts were 
screened, trifluorotoluene and catalyst, 2.104 were deemed to optimal for the reactions at 
a concentration of 0.3 M and a catalyst loading of 10 mol%. Through the completion of 
the mechanistic studies, the complete buildup of hemiaminal ether 2.129 after just 40 
minutes and the addition of 10 mol% of the HCl in ether in a one-pot fashion sped up the 
rearrangement significantly causing a decrease in stir period from 36 to 15 h with a total 
of 16-h reaction time (Figure 2.26). Using the parent substrates, under the optimal 
H
NH
N
OCH3
O
H3CO
O OCH3
O
OCH3O(S)
NO
CH3O
NH
OCH3
O
OCH3
O
(S)
NH
OCH3O
O
P
O
enantioselective
step N
OCH3
O
H
OCH3
N OH
OCH3
O(S)
NH
OCH3
O
H
Xenol 
tautomerization
w/ achiral acid
stereoselective
intramolecular 
rearrangement
*
H
2.81 2.82 2.144
2.145
2.86
O(S) N
OCH3
Ph
NH
OCH3
O OCH3
OH
H X
  
77 
conditions, a quantitative yield of 98% was achieved with a selectivity of 98:02 e.r. Upon 
optimizing the parent reaction, the substrate capability of the method was then 
investigated.  
 
 
Figure 2.28. Optimized conditions.  
 
2.4 Conclusion 
 
 In conclusion, an asymmetric Mannich reaction was developed using acyl imines 
and enecarbamates catalyzed by chiral phosphoric acids to yield the 1,3-diamine Mannich 
products. Extensive mechanistic studies led to the discovery of (i) an interesting chiral 
hemiaminal ether via an unexpected reaction pathway of the carbonyl on the 
enecarbamate based on nucleophilic addition onto the activated acyl imine; (ii) that the 
enantio-determining step is the formation of the hemiaminal ether which then does a 
stereoselective, intramolecular rearrangement to form the Mannich product; and (iii) of 
the optimal conditions for the parent substrates. Crystal structures and chiroptical analysis 
allowed us to predict the absolute configuration of the hemiaminal ether as well as for the 
Mannich product. 
N
NH
OCH3
O
OCH3
O
i. (R)-2.104 (10 mol%) 
C6H5CF3 (0.3 M)
40 min, r.t.
 ii. HCl (2 M in ether)
(10 mol%)
15 h. r.t.
NH
OCH3
O
OCH3
O
(S)
NH
H
O
OCH3
OCH3
O
2.86
98% yield
98:02 e.r.
2.81 2.82
  
78 
 In Chapter 3, the substrate scope of the method and further optimizations will be 
described as well as the asymmetric hydrogenation of the Mannich product to gain access 
to the targeted chiral 1,3-diamines.   
  
2.5 Experimental Information 
General Information 
All 1H NMR and 13C NMR spectra were recorded using Varian Unity Plus 500 MHz 
spectrophotometer at ambient temperature in CDCl3. Chemical shifts are reported in parts 
per million as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, m = multiplet, br = broad), coupling constant, and integration. Low resolution 
mass spectrometry data was obtained on an Agilent LC/MSD VL system by electrospray 
(ESI) flow injection analysis in the positive mode. Mobile phases were water and 
acetonitrile with 0.1% formic acid. The MS settings were: voltage = 3000V, fragmentor = 
70 and chamber temperature = 350 °C. UPLC-MS analysis was performed on a C18 
column (1.7mm, 2.1 X 50 mm) with CH3CN:H2O gradient as eluent with UV, ELSD and 
electrospray ionization (ESI) positive ion detection. Optical rotations were recorded on an 
AUTOPOL III digital polarimeter at 589 nm, and were reported as [a]D (concentration in 
grams/100mL solvent). Chiral HPLC analysis was performed using an Agilent 1100 
series HPLC System with a diode array detector. Chiral columns include Chiralcel® OD 
(Chiral Technologies Inc., 25 cm x 4.6 mm I.D.), Chiralpak® AD-H (Chiral 
Technologies Inc., 25 cm x 4.6 mm I.D.), Chiralpak® IA (Chiral Technologies Inc., 24 
cm x 4.6 cm I.D.) and (R,R)-Whelk-O (Regis® Technologies Inc., 25 cm x 4.6 mm I.D.).  
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General Procedure for the Asymmetric Mannich Reaction 
 
 
In a flame dried 5 mL round bottom flask, the enamine (0.2 mmol) and catalyst (0.014 g, 
0.020 mmol) were added and dissolved in C6H5CF3 (0.5 mL) and stirred at room 
temperature for 10 minutes. Then the imine was added to the suspension at r.t. and let stir 
for 40 minutes. Then when the starting material were consumed HCl (0.020 mmol, 2M in 
Et2O) was added dropwise and let stir at room temperature for 15 hours. Once the 
reaction was complete it was then diluted with CH2Cl2 and then washed with water and 
brine. The organic layers were then combined and dried over sodium sulfate and 
concentrated in vacuo. The residue was then purified through flash column 
chromatography (95:05 toluene:EtOAc) to give the desired product.  
 
Methyl (((Z)-(((E)-4-hydroxy-4-methoxybuta-1,3-dien-2-yl)imino)(methoxy)methoxy) 
(phenyl)methyl)carbamate. (2.129) 
This intermediate is very unstable. We were not able to obtain this compound solvent free 
due to its immediate rearrangement to afford 2.86. A significant amount of toluene is 
found in the spectra. Rotamers could not be coalesced at high temperature due to 
instability of the intermediate.  Yield: 98% yield (Based on starting material conversion.) 
Physical State: Viscous oil. e.r.: 97:03 [a]D22 = 26 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 22.619 min., tr major: 36.350 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (400 MHz, Chloroform-d) δ 
9.17 (s, 1H), 7.36 – 7.23 (overlap, 7H), 6.79 (d, J = 7.7 Hz, 1H), 5.95 (d, J = 10.3 Hz, 
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1H), 5.85 (d, J = 10.1 Hz, 1H), 5.39 – 5.27 (rotamer overlap, 1H), 3.80 (rotamer overlap, 
3H), 3.70 – 3.57 (rotamer overlap, 3H), 3.44 (rotamer overlap, 3H). 13C NMR (125 
MHz, Chloroform-d) δ 168.67, 156.51, 143.17, 139.49, 128.42, 127.13, 127.08, 126.15, 
124.89, 54.39, 53.02, 52.86, 51.57, 50.88. IR (thin film, cm-1): 3340, 1746, 1686, 1633, 
1530, 1494, 1291, 1254, 1192, 1170, 1043, 966, 896, 735, 698, 634, 601, 573, 520 
HRMS m/z 359.1219 (M + Na+) [Calc’d for C16H20N2O6Na+: 359.1219]. TLC: Rf = 0.15 
(5:1 toluene:EtOAc) SMILES: 
C=C(/N=C(OC(N([H])C(OC)=O)C1=CC=CC=C1)/OC)/C=C(O[H])/OC 
InChI=1S/C16H20N2O6/c1-11(10-13(19)21-2)17-16(23-4)24-14(18-15(20)22-3)12-8-
6-5-7-9-12/h5-10,14,19H,1H2,2-4H3,(H,18,20)/b13-10+,17-16- 
 
Methyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-phenylpent-2-enoate. (2.86) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 5:1 toluene:EtOAc. Yield: 64 mg, 95% yield. 
Physical State: white solid. e.r.: 98:02 [a]D22 = -35 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 25.606 min., tr major: 29.096 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.42 (s, 1H), 7.40 – 7.32 (m, 4H), 7.25 (t, J = 7.1 Hz, 1H), 5.11 (s, 1H), 4.96 (ddd, J = 
10.8, 8.93, 3.9 Hz, 1H), 3.75 (s, 3H), 3.67 (s, 3H), 3.51 (s, 3H), 3.35 (dd, J = 13.6, 4.0 
Hz, 1H), 2.74 (dd, J = 13.6, 10.7 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 168.71, 
156.23, 153.87, 152.32, 143.18, 128.31, 128.05, 126.98, 125.93, 96.84, 52.77, 51.36, 
51.16, 40.04. IR (thin film, cm-1): 3310, 2956, 1748, 1698, 1667, 1525, 1496, 1351, 
1215, 1190, 1143, 1020, 698, 594 HRMS m/z 359.1213 (M + Na+) [Calc’d for 
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C16H20N2O6Na+: 359.1219]. TLC: Rf = 0.33 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CC=C1 
InChI=1S/C16H20N2O6/c1-22-14(19)10-12(17-15(20)23-2)9-13(18-16(21)24-3)11-7-
5-4-6-8-11/h4-8,10,13H,9H2,1-3H3,(H,17,20)(H,18,21)/b12-10-/t13-/m0/s1 
Procedure for the Crossover Experiment 
Step-wise Method: (i) In a flame dried 5 mL round bottom flask, the enamine (0.2 mmol) 
and catalyst (0.014 g, 0.020 mmol) were added and dissolved in C6H5CF3 (0.5 mL) and 
stirred at room temperature for 10 minutes. Then the imine was added to the suspension 
at r.t. and let stir for 40 minutes. Once complete consumption of the starting materials 
was observed the reaction then diluted with CH2Cl2 and then washed with water and 
brine. The organic layers were then combined and dried over sodium sulfate and 
concentrated in vacuo. The residue was then purified through flash column 
chromatography (95:05 toluene:EtOAc) to give the hemiaminal ether 2.129. The other 
hemiaminal ether 2.132 was isolated in the same fashion. 
(ii) The two hemiaminal ethers (0.15 mmol) were then diluted with trifluorotoluene (1 
mL) in a flame dried 5-mL round bottom flask and HCl (0.015 mmol, 2M in Et2O) was 
added dropwise and let stir at room temperature for 15 hours. Once the reaction was 
complete it was then diluted with CH2Cl2 and then washed with water and brine. The 
organic layers were then combined and dried over sodium sulfate and concentrated in 
vacuo. The residue was then purified through flash column chromatography (95:05 
toluene:EtOAc) to give the two expected products. 
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One-pot Method: In a flame dried 5 mL round bottom flask, the enamine (0.2 mmol) and 
catalyst (0.014 g, 0.020 mmol) were added and dissolved in C6H5CF3 (0.5 mL) and 
stirred at room temperature for 10 minutes. Then the imine was added to the suspension 
at r.t. and let stir for 40 minutes. A second-round bottom flask with the other enamine and 
imine was set in the same way. Once complete consumption of the starting materials was 
observed the reaction mixtures were then combined into one 5 mL round bottom flask 
and HCl (0.015 mmol, 2M in Et2O) was added dropwise and let stir at room temperature 
for 15 hours. Once the reaction was complete it was then diluted with CH2Cl2 and then 
washed with water and brine. The organic layers were then combined and dried over 
sodium sulfate and concentrated in vacuo. The residue was then purified through flash 
column chromatography (95:05 toluene:EtOAc) to give the two expected products. 
 
Methyl (((Z)-(((E)-4-hydroxy-4-isopropoxybuta-1,3-dien-2-
yl)imino)(methoxy)methoxy) (thiophen-2-yl) methyl)carbamate. (2.142) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 5:1 toluene:EtOAc. This intermediate is very 
unstable. Could not get it adequately solvent free due to its immediate rearrangement to 
afford 2.143. Yield: 71.9 mg, 97% yield. Physical State: Viscous oil. e.r.: 96:04 e.r. 
[a]D22 = 32º (c = 1.00, CH2Cl2) HPLC Analysis: tr minor: 19.355 min., tr major: 33.440 
min. [Chirapak IA column, 24 cm x 4.6 mm I.D., Hexanes:EtOH = 98:02, 1.5 mL/min, 
280 nm] 1H NMR (500 MHz, DMSO-d6) δ 9.38 (s, 1H), 7.40 – 7.34 (m, 2H), 7.25 (d, J 
= 8.8 Hz, 1H), 6.95 (s, 2H), 6.93 – 6.89 (m, 1H), 6.42 (s, 1H), 5.10 (s, 1H), 3.65 (s, 3H), 
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3.64 – 3.51 (m, 3H), 3.49 (s, 4H), 3.35 – 3.32 (m, 1H), 2.91 (t, J = 12.0 Hz, 1H). 13C 
NMR (125 MHz, DMSO-d6) δ 167.62, 156.37, 153.66, 151.57, 147.41, 127.24, 124.70, 
123.99, 100.47, 66.66, 52.60, 52.03, 50.71, 37.85, 22.18. HRMS m/z 359.1219 (M + 
Na+) [Calc’d for C16H20N2O6Na+: 359.1219]. TLC: Rf = 0.15 (5:1 toluene:EtOAc) 
SMILES:C=C(/C=C(O[H])/OC(C)C)/N=C(OC)\C[C@@H](N([H])C(OC)=O)C1=CC=
CS1. InChI=1S/C17H24N2O5S/c1-11(2)24-16(20)9-12(3)18-15(22-4)10-13(19-
17(21)23-5)14-7-6-8-25-14/h6-9,11,13,20H,3,10H2,1-2,4-5H3,(H,19,21)/b16-9+,18-
15+/t13-/m1/s1 
 
Isopropyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-(thiophen-2-yl)pent-2-enoate. 
(2.143) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution using 5:1 toluene:EtOAc. Yield: 71 mg, 96% yield. 
Physical State: white solid. e.r.: 98:02 [a]D22 = -43 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 20.106 min., tr major: 23.075 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.39 (s, 1H), 7.32 (dt, J = 5.0, 1.2 Hz, 1H), 7.26 (d, J = 9.4 Hz, 1H), 7.00 – 6.92 (m, 
2H), 5.17 (dddd, J = 10.3, 9.3, 4.1, 1.0 Hz, 1H), 5.03 (s, 1H), 5.01 – 4.90 (m, 1H), 3.71 
(s, 3H), 3.52 (s, 3H), 3.51 – 3.46 (m, 1H), 2.80 (dd, J = 13.6, 10.4 Hz, 1H), 1.21 (d, J = 
6.2 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 168.32, 156.80, 153.53, 152.81, 147.09, 
127.29, 124.89, 124.06, 98.15, 67.60, 53.16, 51.91, 49.38, 40.38, 22.03. IR (thin film, cm-
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1): 3335, 2983, 2957, 1718, 1670m 1633, 1502, 1466, 1375, 1359, 1319, 1261, 1223, 
1194, 1176, 1146, 1104, 1070, 1047, 959, 855, 834, 821, 778, 733, 702, 608, 537, 519. 
HRMS m/z 393.1077 (M + Na+). Calc’d for C16H22N2O6Na+: 393.1096]. TLC: Rf = 0.6 
(95:5 toluene:EtOAc) SMILES: 
O=C(OC(C)C)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CS 
InChI=1S/C16H22N2O6S/c1-10(2)24-14(19)9-11(17-15(20)22-3)8-12(18-16(21)23-
4)13-6-5-7-25-13/h5-7,9-10,12H,8H2,1-4H3,(H,17,20)(H,18,21)/b11-9-/t12-/m0/s1 
Procedure for the Kinetic Study 
Standard procedure (a): Reactions were run with varying amounts of starting materials 
and were monitored by in situ FT-IR to determine the order in hemiaminal ether. In a 
flame dried 5 mL round bottom flask, the enamine (0.2 mmol) and catalyst (0.014 g, 
0.020 mmol) were added and dissolved in C6H5CF3 (0.5 mL) and stirred at room 
temperature for 10 minutes then the probe was submerged in the reaction solution. Then 
the imine was added to the suspension at r.t. and let stir for 40 minutes. Then when the 
starting material were consumed HCl (0.020 mmol, 2M in Et2O) was added dropwise and 
let stir at room temperature for 15 hours. The reaction was followed per minute for 15 
hours. Various concentration was running (0.6, 0.5, 0.4, 0.3, 0.2, 0.1 M). The experiments 
were running in triplicate. The data suggest that the reaction is zeroth order in respect to 
the hemiaminal ether.  
Standard procedure (b): Reactions were run with varying amounts of HCl loading and 
were monitored by in situ FT-IR to determine the order in HCl. In a flame dried 5 mL 
round bottom flask, the enamine (0.2 mmol) and catalyst (0.014 g, 0.020 mmol) were 
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added and dissolved in C6H5CF3 (0.5 mL) and stirred at room temperature for 10 minutes 
then the probe was submerged in the reaction solution. Then the imine was added to the 
suspension at r.t. and let stir for 40 minutes. Then when the starting material were 
consumed HCl was added dropwise and let stir at room temperature for 15 hours. The 
reaction was followed per minute for 15 hours. Various concentration was running (40, 
30, 25, 20, 15, 10, 5, 2, 1 mol%). The experiments were running in triplicate. The data 
suggest that the reaction is first order until it gets to 15 mol% and then complete 
saturation was observed. 
Selected Spectra 
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Crystal Structure 
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Crystal data and structure refinement for X17014. 
Identification code  X17014 
Empirical formula  C16 H20 N2 O6 
Formula weight  336.34 
Temperature  100(2) K 
Wavelength  1.54178 ≈ 
Crystal system  Orthorhombic 
Space group  P212121 
Unit cell dimensions a = 15.0442(7) ≈  = 90∞. 
 b = 15.5119(6) ≈  = 90∞. 
 c = 21.0405(8) ≈   = 90∞. 
Volume 4910.1(4) ≈3 
Z 12 
Density (calculated) 1.365 Mg/m3 
Absorption coefficient 0.885 mm-1 
F(000) 2136 
Crystal size 0.811 x 0.044 x 0.041 mm3 
Theta range for data collection 3.540 to 68.244∞. 
Index ranges -17<=h<=18, -17<=k<=18, -25<=l<=25 
Reflections collected 37919 
Independent reflections 8976 [R(int) = 0.0625] 
Completeness to theta = 67.679∞ 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7533 and 0.6353 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8976 / 6 / 676 
Goodness-of-fit on F2 1.009 
Final R indices [I>2sigma(I)] R1 = 0.0465, wR2 = 0.1098 
R indices (all data) R1 = 0.0683, wR2 = 0.1216 
Absolute structure parameter 0.09(11) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.243 and -0.195 e.≈-3 
 
Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 
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(≈2x 103) 
for X17014.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
________________________________________________________________________
________  
 x y z U(eq) 
________________________________________________________________________
________   
O(1) 1887(2) 277(2) 4654(1) 36(1) 
O(2) 1552(2) 736(2) 3673(1) 32(1) 
O(3) 3169(2) -1322(2) 2642(1) 35(1) 
O(4) 4008(2) -2472(2) 2919(1) 30(1) 
O(5) 4705(2) 780(2) 4518(1) 31(1) 
O(6) 5793(2) -171(2) 4280(1) 29(1) 
N(1) 3504(2) -1636(2) 3682(2) 26(1) 
N(2) 4591(2) -640(2) 4781(2) 25(1) 
C(1) 3709(2) -568(2) 5064(2) 25(1) 
C(2) 3055(2) -1180(2) 4731(2) 25(1) 
C(3) 3008(2) -1027(2) 4020(2) 25(1) 
C(4) 2550(2) -389(2) 3739(2) 26(1) 
C(5) 1985(2) 218(2) 4083(2) 26(1) 
C(6) 963(3) 1365(3) 3955(2) 35(1) 
C(7) 3516(3) -1762(2) 3041(2) 27(1) 
C(8) 4078(3) -2692(3) 2253(2) 36(1) 
C(9) 5009(2) 44(2) 4527(2) 23(1) 
C(10) 6283(3) 531(3) 3999(2) 36(1) 
C(11) 3714(2) -727(2) 5773(2) 26(1) 
C(12) 3979(3) -1516(3) 6026(2) 39(1) 
C(13) 3972(4) -1659(3) 6677(2) 50(1) 
C(14) 3697(3) -1009(3) 7083(2) 49(1) 
C(15) 3415(3) -237(3) 6841(2) 48(1) 
C(16) 3431(3) -92(3) 6190(2) 38(1) 
O(11) 1951(2) 3696(2) 4615(1) 36(1) 
O(12) 1519(2) 4090(2) 3640(1) 34(1) 
O(13) 3268(2) 2149(2) 2589(1) 36(1) 
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O(14) 4013(2) 934(2) 2849(1) 32(1) 
O(15) 4988(2) 4086(2) 4449(1) 29(1) 
O(16) 5982(2) 3022(2) 4249(1) 29(1) 
N(11) 3523(2) 1757(2) 3629(2) 28(1) 
N(12) 4694(2) 2683(2) 4690(2) 25(1) 
C(21) 3826(2) 2848(2) 4972(2) 24(1) 
C(22) 3119(3) 2241(2) 4679(2) 26(1) 
C(23) 3035(3) 2367(2) 3972(2) 26(1) 
C(24) 2551(3) 2995(2) 3689(2) 28(1) 
C(25) 1999(3) 3606(2) 4046(2) 27(1) 
C(26) 935(3) 4721(3) 3930(2) 36(1) 
C(27) 3568(3) 1664(2) 2981(2) 28(1) 
C(28) 4078(3) 737(3) 2180(2) 38(1) 
C(29) 5202(2) 3327(2) 4463(2) 24(1) 
C(30) 6586(3) 3664(3) 3998(2) 33(1) 
C(31) 3831(2) 2774(2) 5688(2) 26(1) 
C(32) 4244(3) 2100(3) 5998(2) 40(1) 
C(33) 4225(3) 2040(3) 6653(2) 46(1) 
C(34) 3790(3) 2654(3) 7011(2) 43(1) 
C(35) 3379(3) 3332(3) 6706(2) 42(1) 
C(36) 3401(3) 3393(3) 6053(2) 33(1) 
O(21) 2034(2) 6824(2) 4621(1) 36(1) 
O(22) 1615(2) 7196(2) 3641(1) 37(1) 
O(23) 3369(2) 5298(2) 2605(1) 37(1) 
O(24) 4260(2) 4183(2) 2859(1) 33(1) 
O(25) 4845(2) 7463(2) 4509(1) 28(1) 
O(26) 5966(2) 6546(2) 4264(1) 29(1) 
N(21) 3699(2) 4954(2) 3641(2) 28(1) 
N(22) 4758(2) 6026(2) 4716(2) 25(1) 
C(41) 3886(2) 6060(2) 5012(2) 25(1) 
C(42) 3261(2) 5407(2) 4693(2) 27(1) 
C(43) 3180(3) 5538(2) 3983(2) 28(1) 
C(44) 2679(2) 6144(2) 3706(2) 28(1) 
C(45) 2099(2) 6738(2) 4055(2) 28(1) 
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C(46) 1004(3) 7797(3) 3921(2) 41(1) 
C(47) 3734(2) 4868(2) 2994(2) 27(1) 
C(48) 4372(3) 4019(3) 2188(2) 38(1) 
C(49) 5164(2) 6739(2) 4498(2) 23(1) 
C(50) 6469(3) 7269(3) 4020(2) 35(1) 
C(51) 3920(2) 5918(2) 5724(2) 26(1) 
C(52) 4640(3) 5532(3) 6026(2) 36(1) 
C(53) 4640(3) 5412(3) 6682(2) 44(1) 
C(54) 3929(3) 5683(3) 7040(2) 40(1) 
C(55) 3222(3) 6057(4) 6749(2) 55(1) 
C(56) 3208(3) 6163(3) 6099(2) 46(1) 
________________________________________________________________________
________   
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Anisotropic displacement parameters  (≈2x 103) for X17014.  The anisotropic 
displacement factor exponent takes the form:  -2 2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
________________________________________________________________________
______  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________
______  
O(1) 42(2)  39(2) 27(2)  -2(1) -2(1)  12(1) 
O(2) 35(1)  33(2) 28(2)  -2(1) 2(1)  11(1) 
O(3) 49(2)  33(2) 24(2)  -1(1) -3(1)  9(1) 
O(4) 39(2)  23(1) 27(2)  -1(1) 0(1)  2(1) 
O(5) 41(2)  18(1) 34(2)  3(1) -3(1)  0(1) 
O(6) 31(1)  25(1) 32(2)  -1(1) 6(1)  -4(1) 
N(1) 32(2)  21(2) 23(2)  1(1) 0(1)  2(1) 
N(2) 30(2)  15(1) 29(2)  0(1) 0(1)  0(1) 
C(1) 27(2)  17(2) 30(2)  -1(1) -1(2)  2(1) 
C(2) 32(2)  19(2) 24(2)  0(1) 1(2)  -2(1) 
C(3) 27(2)  24(2) 25(2)  -1(1) 1(2)  -3(1) 
C(4) 29(2)  26(2) 22(2)  -1(1) 1(2)  -1(1) 
C(5) 27(2)  25(2) 26(2)  1(2) -3(2)  -2(1) 
C(6) 36(2)  35(2) 34(2)  -2(2) 1(2)  9(2) 
C(7) 31(2)  21(2) 30(2)  0(2) 1(2)  -3(2) 
C(8) 50(3)  28(2) 28(2)  -7(2) -2(2)  4(2) 
C(9) 29(2)  20(2) 21(2)  -1(1) -3(1)  0(1) 
C(10) 41(2)  36(2) 32(2)  1(2) 5(2)  -14(2) 
C(11) 25(2)  27(2) 26(2)  -3(2) -3(2)  1(1) 
C(12) 47(3)  37(2) 32(2)  1(2) -3(2)  5(2) 
C(13) 60(3)  56(3) 35(3)  9(2) -5(2)  7(2) 
C(14) 49(3)  72(3) 24(2)  -3(2) -1(2)  -4(2) 
C(15) 44(3)  61(3) 37(3)  -15(2) 4(2)  4(2) 
C(16) 33(2)  42(2) 39(3)  -10(2) 0(2)  5(2) 
O(11) 46(2)  34(2) 27(2)  -2(1) 1(1)  7(1) 
O(12) 39(2)  35(2) 30(2)  -2(1) -1(1)  9(1) 
O(13) 48(2)  34(2) 26(2)  0(1) -1(1)  7(1) 
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O(14) 41(2)  27(1) 29(2)  -4(1) 2(1)  5(1) 
O(15) 34(1)  19(1) 34(2)  2(1) -3(1)  -2(1) 
O(16) 28(1)  27(1) 31(2)  1(1) 6(1)  -1(1) 
N(11) 38(2)  21(2) 26(2)  2(1) -1(2)  3(1) 
N(12) 30(2)  16(1) 30(2)  1(1) 3(1)  1(1) 
C(21) 27(2)  16(2) 29(2)  -1(1) 0(2)  0(1) 
C(22) 32(2)  21(2) 24(2)  2(1) 2(2)  -4(1) 
C(23) 28(2)  21(2) 28(2)  -1(1) 3(2)  -4(1) 
C(24) 38(2)  23(2) 23(2)  -2(2) 1(2)  -3(2) 
C(25) 28(2)  25(2) 27(2)  1(2) 0(2)  -5(1) 
C(26) 37(2)  33(2) 40(2)  -4(2) 2(2)  2(2) 
C(27) 33(2)  23(2) 29(2)  -1(2) 1(2)  -3(2) 
C(28) 49(3)  35(2) 31(2)  -5(2) 0(2)  5(2) 
C(29) 30(2)  23(2) 20(2)  1(1) -4(2)  -1(1) 
C(30) 37(2)  33(2) 29(2)  1(2) 4(2)  -9(2) 
C(31) 25(2)  24(2) 30(2)  -3(2) 0(2)  -6(1) 
C(32) 58(3)  30(2) 33(2)  1(2) 1(2)  11(2) 
C(33) 64(3)  40(3) 35(3)  5(2) -7(2)  7(2) 
C(34) 52(3)  49(3) 28(2)  0(2) 1(2)  -12(2) 
C(35) 44(3)  44(3) 37(3)  -11(2) 8(2)  -2(2) 
C(36) 32(2)  31(2) 37(2)  -1(2) 1(2)  2(2) 
O(21) 42(2)  39(2) 27(2)  -2(1) 0(1)  4(1) 
O(22) 43(2)  37(2) 32(2)  -1(1) -2(1)  14(1) 
O(23) 48(2)  34(2) 28(2)  1(1) -1(1)  8(1) 
O(24) 42(2)  27(1) 31(2)  -2(1) -1(1)  4(1) 
O(25) 36(2)  17(1) 31(2)  2(1) -2(1)  0(1) 
O(26) 29(1)  25(1) 34(2)  2(1) 5(1)  -3(1) 
N(21) 36(2)  22(2) 26(2)  2(1) 0(1)  0(1) 
N(22) 28(2)  17(2) 31(2)  3(1) 3(1)  2(1) 
C(41) 27(2)  21(2) 27(2)  1(1) 1(2)  1(1) 
C(42) 33(2)  21(2) 27(2)  1(2) 2(2)  -4(1) 
C(43) 34(2)  19(2) 29(2)  -3(1) 1(2)  -8(2) 
C(44) 35(2)  24(2) 23(2)  2(2) 0(2)  -5(2) 
C(45) 29(2)  24(2) 30(2)  -1(2) 0(2)  -6(2) 
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C(46) 35(2)  46(3) 41(3)  -4(2) 1(2)  8(2) 
C(47) 34(2)  20(2) 28(2)  -1(2) 2(2)  -3(2) 
C(48) 49(3)  35(2) 30(2)  -6(2) 0(2)  7(2) 
C(49) 28(2)  23(2) 20(2)  0(1) -3(2)  0(1) 
C(50) 38(2)  34(2) 34(2)  2(2) 4(2)  -12(2) 
C(51) 30(2)  19(2) 29(2)  -2(1) 0(2)  -3(1) 
C(52) 38(2)  32(2) 36(2)  -1(2) 3(2)  5(2) 
C(53) 55(3)  41(2) 35(3)  5(2) -8(2)  8(2) 
C(54) 46(3)  49(3) 26(2)  2(2) 1(2)  -5(2) 
C(55) 51(3)  76(4) 38(3)  -4(2) 11(2)  14(3) 
C(56) 37(3)  62(3) 39(3)  -1(2) -2(2)  15(2) 
________________________________________________________________________
______ 
  
98 
 Hydrogen coordinates ( x 104) and isotropic  displacement parameters (≈2x 10 3) 
for X17014. 
________________________________________________________________________
________  
 x  y  z  U(eq) 
________________________________________________________________________
________  
  
H(1) 3810(30) -2000(20) 3907(18) 31 
H(2) 4850(20) -1152(19) 4740(20) 30 
H(1A) 3495 35 4993 30 
H(2A) 3240 -1783 4810 30 
H(2B) 2455 -1101 4916 30 
H(4) 2597 -329 3291 31 
H(6A) 729 1745 3622 53 
H(6B) 1292 1708 4268 53 
H(6C) 470 1068 4166 53 
H(8A) 3486 -2683 2059 53 
H(8B) 4335 -3270 2210 53 
H(8C) 4462 -2273 2038 53 
H(10A) 6837 310 3816 54 
H(10B) 6422 960 4326 54 
H(10C) 5925 799 3664 54 
H(12A) 4168 -1963 5749 46 
H(13) 4155 -2200 6843 61 
H(14) 3704 -1099 7529 58 
H(15) 3208 202 7120 57 
H(16) 3246 451 6028 45 
H(11) 3840(20) 1360(20) 3816(19) 34 
H(12) 4920(30) 2172(18) 4670(20) 30 
H(21A) 3655 3453 4862 29 
H(22A) 3285 1635 4767 31 
H(22B) 2537 2352 4882 31 
H(24) 2570 3042 3239 34 
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H(26A) 681 5091 3599 55 
H(26B) 1275 5074 4230 55 
H(26C) 455 4424 4156 55 
H(28A) 3499 829 1978 58 
H(28B) 4257 134 2127 58 
H(28C) 4522 1114 1983 58 
H(30A) 7135 3383 3857 50 
H(30B) 6725 4085 4331 50 
H(30C) 6307 3959 3638 50 
H(32) 4544 1670 5758 48 
H(33) 4514 1573 6859 56 
H(34) 3773 2610 7461 52 
H(35) 3079 3760 6947 50 
H(36) 3117 3866 5849 40 
H(21) 4000(20) 4580(20) 3864(18) 34 
H(22) 5040(20) 5550(19) 4680(20) 30 
H(41) 3637 6649 4936 30 
H(42A) 3484 4817 4776 33 
H(42B) 2663 5456 4888 33 
H(44) 2701 6193 3256 33 
H(46A) 673 8094 3585 61 
H(46B) 1335 8221 4173 61 
H(46C) 588 7488 4197 61 
H(48A) 3800 4084 1971 57 
H(48B) 4593 3430 2126 57 
H(48C) 4800 4430 2011 57 
H(50A) 7067 7077 3902 53 
H(50B) 6513 7715 4349 53 
H(50C) 6168 7506 3646 53 
H(52) 5136 5349 5783 43 
H(53) 5133 5143 6882 53 
H(54) 3931 5608 7488 49 
H(55) 2732 6248 6996 66 
H(56) 2699 6410 5904 55 
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Table 6.  Hydrogen bonds for X17014  [≈ and ∞]. 
________________________________________________________________________
____  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________
____  
 N(1)-H(1)...O(25)#1 0.86(2) 2.18(3) 3.009(4) 161(4) 
 N(2)-H(2)...O(25)#1 0.89(2) 2.20(3) 3.022(4) 153(4) 
 N(11)-H(11)...O(5) 0.88(2) 2.16(3) 2.993(4) 158(4) 
 N(12)-H(12)...O(5) 0.87(2) 2.21(3) 2.973(4) 148(4) 
 N(21)-H(21)...O(15) 0.88(2) 2.07(3) 2.909(4) 160(4) 
 N(22)-H(22)...O(15) 0.86(2) 2.33(3) 3.080(4) 147(4) 
________________________________________________________________________
____  
Symmetry transformations used to generate equivalent atoms:  
#1 x,y-1,z       
 
my dissertation goes here.
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CHAPTER THREE. Synthesis of 1,3-Diamines via an Asymmetric Mannich 
Reaction using Latent Nucleophiles and Acyl Imines – Substrates Scope & 
Asymmetric Hydrogenation 
3.1 Introduction 
Chiral phosphoric acid-activated acyl iminium complexes have been used 
throughout literature for a significant amount of transformations. These transformations 
include Mannich, Friedel-Crafts, and sigmatropic rearrangements with different 
mechanisms and transition states.88 Acyl iminium complexes allow for the incorporation 
of a chiral N-containing sub-unit which are powerful synthetic tools when used in natural 
products and pharmaceuticals. Rueping, Akiyama, Terada, and Schaus have all done 
extensive work using acyl imines and a major limitation is the inability to optimize for 
more than just one protecting group on the acyl imine. Specific examples are discussed in 
the previous chapter. The protecting groups on these imines are of importance because 
upon addition to the iminium complex a chiral protected amine is formed; for further 
synthetic derivatization, these amines need to be deprotected. The conditions for these 
deprotections are dependent on the protecting group employed on the acyl imine and may 
determine the synthetic utility of the method when applied to a late-stage synthetic 
strategy of natural products and pharmaceuticals. When investigating the substrate 
capability of the aforementioned optimized method, the protecting group on the acyl 
imine was first evaluated.   
Begmann and Zervas developed benzyloxycarbonyl (Z) as the first N-protecting 
group that fits the main characteristics associated with a protecting group: it is easily 
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introduced into the functional group, it is generally inert to a range of reaction conditions, 
and it is safely removed at the end of the synthetic process.140 Later, Barany and 
coworkers introduced the concept of orthogonality wherein two or more protecting 
groups are introduced and are removed independently, and in any order, by distinct 
reaction conditions and mechanisms.141,142 With these criteria’s in mind, imines 
containing the most commonly used protecting groups, 3.1-3.6, were synthesized and 
screened in the Mannich reaction. (Figure 3.1) 
 
Figure 3.1. Proposed imines to screen containing the most commonly used protecting groups.  
 
3.2 Acyl Imine Protecting Groups  
 
As seen in Chapter 1, the Mannich reaction was optimized using the methyl 
carbamate imine 3.1 and methyl enecarbamate 3.7 using chiral phosphoric acid 3.8 to 
form the 1,3-diamine Mannich product 3.9 in 98% yield and a 98:02 e.r.. (Figure 2.26) 
The method involved dissolving enecarbamate 3.7 and CPA 3.8 in trifluorotouene (0.3 
M) which was followed by addition of acyl imine 3.1 and stirring for 40 minutes. When 
complete conversion of the reactants was observed, HCl (2 M in ether) was added and the 
N
H
OR
O
OCH3
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OCH3
O
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N
NH
OCH3
O
OCH3
O
ORO
H O
O
P
O
OH
catalyst, 3.8
3.1 R = OCH3
3.2 R = OtBu
3.3 R = OAllyl 
3.4 R = OBn
3.5 R = OPh
3.6 R = OFmoc
i. catalyst, 3.8 (10 mol%)
C6H5CF3 (0.3 M)
r.t. 40 min.
ii. HCl (2 M in ether)
    (10 mol%), r.t., 15 h.
3.7
3.9 R = OCH3
3.10 R = OtBu
3.11 R = OAllyl 
3.12 R = OBn
3.13 R = OPh
3.14 R = OFmoc
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reaction was stirred for 15 h until complete conversion to the Mannich product 3.9.  This 
method was first attempted using the t-butyl carbamate imine, 3.2, but unfortunately the 
conditions proved too harsh for the t-butyl protecting causing decomposition of the 
hemiaminal ether intermediate due to the lability of the t-butyl group in the presence of 
HCl (Figure 3.2a). A second, milder set of conditions was developed for the use of the t-
butyl imine 3.2. (Figure 3.2b) The method involved simply letting the reactant stir with 
the chiral phosphoric acid for 36 h. When the reactivity of the reaction was established 
and reproduced to be 73% yield of the expected product 3.10, it became apparent that 
catalyst 3.8 would not be optimal for this protecting group with a selectivity of 51:49 e.r. 
(Figure 3.2b)  
 
(R)-3.8
(10 mol%) 
C6H5CF3 (0.3 M) 
40 min, r.t.
HCl (2M in ether) 
(10 mol%) 
C6H5CF3 (0.3 M),
15 h, r.t.
N
OCH3
O
OCH3
O
N
OtBuO
3.10
H
H
OCH3
N O
OCH3
O
NH
OtBu
O
H
N
N
OCH3
O
OCH3
O
H
O
OtBu
H
3.2
3.7
3.15
a. ‘One-pot’ Mannich conditions:
b. Milder Mannich conditions:
N
H
OtBu
O
OCH3
ON
OCH3
O
H
N
NH
OCH3
O
OCH3
O
OtBuO
H O
O
P
O
OH
catalyst, 3.8
catalyst, 3.8 (10 mol%)
C6H5CF3 (0.3 M)
r.t. 36 h.
3.73.2
3.10
73% yield 
51:49 e.r.
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Figure 3.2. The developed Mannich reaction using milder reaction conditions for t-butyl carbamate imine. 
 
The tert-butyl carbamate product 3.10 became of interest because it is the most 
used protecting group for amines and it is the easiest to cleave. Aside from its synthetic 
usefulness, the t-butyl carbamate imine synthesis is simple and gives access to a wider 
range of substrates due to its mild synthesis when compared to other acyl imines. The 
synthesis of these imines is summarized in Figure 3.3a. The synthesis starts with a 
multicomponent reaction between the tert-butyl carbamate 3.15, an aldehyde 3.16 and 
sodium tosylsulfinite 3.17 in the presence of formic acid to form the a-amidosulfone 
3.18. This sulfone 3.18 can then be ‘demasked’ by stirring it under basic condition 
forming the corresponding t-butyl carbamate imine 3.19. The synthesis of the other acyl 
imines 3.22 includes the TMS- protected imine 3.21 synthesis by stirring the respective 
aldehyde 3.20 with LiHMDS, which limit the aldehydes used to aryl aldehyde, and then 
an acylation to yield the respective acyl imine 3.22. This substrate limitation made the t-
butyl imine optimization a priority.  
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Figure 3.3. Syntheses of the acyl imines.  
 
 In order to optimize for imine 3.2, an extensive catalyst screen was performed. 
The first-generation catalyst screen included the phosphorodiamidic acids, described in 
chapter 2, as well as the more traditional binaphthyl phosphoric acids. (Table 3.1) All of 
the phosphorodiamidic acid catalysts did not afford desirable yields and selectivity. The 
catalysts built from the (1R,2R)-(-)-1,2-diaminocyclohexane 3.23, [2.2]-paracyclophane-
pseudo-ortho-diamine 3.23 and (R)-(+)-1,1’-binaphtyl-2,2’-diamine 3.26 and 3.27 
produced no reactivity while the catalyst derived from (1R,2R)-(+)-1,2- 
diphenylethylenediamine 3.25 gave a diminished yield of 20% with a selectivity of 60:40 
e.r. When screening the binaphthyl diol catalysts, the only observed trend was that the 
bulkier catalyst such as the 9-phenanthryl 3.38, anthracenyl 3.37 and tri-substituted 
phenyl 3.53-3.55 gave diminished selectivity. (Table 3.2) However, an increased 
selectivity of 84:16 e.r. was seen when using the Br-(H8)-BINOL catalyst 3.59. (Table 
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a. Synthesis of tert-butyl imine via an α-amido sulfone.
b. Synthesis of other acyl imines via the TMS-protected imine.
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CH2Cl2, 18 h.
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3.3) This result made it apparent that the tert-butyl group was sterically clashing with the 
bulkier catalysts and the smaller bromo-substituted catalyst allowed for an expanded 
active site. These requirements led us to propose a second catalyst screen with a more 
defined but larger active site such as the IDP and IDPi catalysts. 
 
 
Entrya catalyst Yieldb e.r.c 
1 3.23 No Reaction --- 
2 3.24 No Reaction --- 
3 2.95 20% 60:40 
4 2.96 No Reaction --- 
5 2.97 No Reaction --- 
aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CF3 (0.3 M). Imine 2.81 (0.5 mmol) was added and let sir at r.t. for 36 h. bIsolated 
yields. cDetermined by chiral HPLC. 
 
Table 3.1. Phosphorodiamidic acids screen for tert-butyl carbamate imine optimization. 
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3.26 R = p-Tolyl
3.27 R = 2-Naphthyl
H
N
OtBu
O catalyst (10 mol%)
C6H5CF3 (0.3 M)
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3.10
3.23
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Entrya Catalyst Yieldb e.r.c 
1 3.28 45% 63:37 
2 3.29 65% 78:22 
3 3.30 50% 61:39 
4 3.31 45% 65:35 
5 3.32 47% 62:38 
6 3.33 12% 65:35 
7 3.34 50% 78:22 
8 3.35 69% 66:34 
9 3.36 71% 55:45 
10 3.37 50% 78:22 
11 3.38 73% 51:49 
12 3.39 30% 55:45 
13 3.40 50% 56:44 
14 3.41 85% 51:49 
15 3.42 45% 74:26 
O
O
P
O
OH
R
R
3.39 R =
3.40 R =
3.41 R =
O
O
P
O
OH
O
O
P
O
OH
CF3
CF3
F3C
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CF3
O O
3.42 R = H
3.43 R = Br
3.44 R = F
3.45 R = NO2
3.46 R = CF3
3.47 R = OCH3
3.48 R = Ph
3.49 R = 1-Naphthyl
R
R
O
O
P
O
OH
R1
R2
R2
R1
O
O
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O
OH
R R
R
R
R R
3.50 R1,R2 = CF3
3.51 R1,R2 = Ph
3.52 R1 = H, R2 = Ph
3.53 R = CH3
3.54 R = iPr
3.55 R = Ph
NO2
NO2
F
F
CF3
F
F
F
F
F
F
F
3.28 R = H
3.29 R = Br
3.30 R = I 
3.31 R = F
3.32 R = CF3
3.33 R = SiPh3
3.34 R = 1-Naphthyl
3.35 R = 2-Naphthyl
3.36 R = 1-Pyrenyl
3.37 R = 9-Anthracenyl 
3.38 R = 9-Phenanthryl
3.573.56
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16 3.43 26% 60:40 
17 3.44 29% 56:44 
18 3.45 76% 70:30 
19 3.46 56% 53:47 
20 3.47 50% 71:29 
21 3.48 52% 75:25 
22 3.49 52% 60:40 
23 3.50 20% 79:21 
24 3.51 55% 83:17 
25 3.52 70% 72:28 
26 3.53 65% 65:35 
27 3.54 48% 61:39 
28 3.55 33% 68:32 
29 3.56 9% 70:30 
30 3.57 55% 56:44 
aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CF3 (0.3 M). Imine 2.81 (0.5 mmol) was added and let sir at r.t. for 36 h. bIsolated 
yields. cDetermined by chiral HPLC. 
 
Table 3.2. Binaphthyl Phosphoric acids screen for tert-butyl carbamate imine optimization. 
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Entrya Catalyst Yieldb e.r.c 
1 3.58 42% 65:35 
2 3.59 73% 84:16 
3 3.60 66% 82:18 
4 3.61 48% 71:29 
5 3.62 50% 65:35 
6 3.63 49% 52:48 
7 3.64 45% 55:45 
8 3.65 45% 75:25 
9 3.66 35% 81:19 
10 3.67 47% 77:23 
11 3.68 37% 64:36 
12 3.69 50% 78:22 
13 3.70 55% 56:44 
14 3.71 54% 83:17 
15 3.72 62% 70:30 
16 3.73 45% 65:35 
17 3.74 No Reaction N/A 
aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CF3 (0.3 M). Imine 2.81 (0.5 mmol) was added and let sir at r.t. for 36 h. bIsolated 
yields. cDetermined by chiral HPLC. 
 
Table 3.3. [H8] BINOL-phosphoric acid and miscellaneous chiral phosphoric acid catalyst screen for tert-butyl 
carbamate imine optimization. 
 
 The second-generation catalyst screen included the IDP and IDPi catalysts most 
notably used by Prof. Benjamin List and coworkers.143 Symmetrical IDP catalysts with 
both the binaphthyl and (H8)-binaphthyl scaffold were included in the screen and an 
improved selectivity of 89:11 e.r. was observed when using the phenyl (H8)-BINOL IDP 
3.89. Additionally, the naphthyl BINOL IDP 3.76 provided a selectivity of 87:13 e.r. In 
order to further optimize for imine 3.2, dissymmetrical catalysts were designed and none 
gave satisfying results. These catalysts included the use of dissymmetrical BINOL IDPs 
3.84-3.88 and (H8)-BINOL IDPs 3.91-3.92 as well as the mixed scaffold IDP 3.93. As 
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expected, the significantly more acidic IDPi’s 3.94-3.95 gave no reactivity. (Table 3.4) 
Unfortunately, an improved selectivity was not achieved. However, once the tert-butyl 
product was obtained with a selectivity of 89:11 e.r. a recrystallization was performed 
allowing for the selectivity of 97:03 e.r. with a 70% yield recovery.  
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3.84 R1 = 2-Naphthyl, R2 = Ph
3.85 R1 = 3,5-(CF3)2C6H3, R2 = Ph
3.86 R1 = 3,5-(C6H5)2C6H3, R2 = Ph
3.87 R1 = 3,5-(CF3)2C6H3, R2 = Br
3.88 R1 = 2,4,6-(iPr)3C6H2, R2 = Br
3.89 R = Ph
3.90 R = 2-Naphthyl
3.91 R = 3,5-(CF3)2C6H3
3.92 R = 2-Naphthyl
3.93
O
O
P
NTf
R
R
O
O
P
N
H
TfN
R
R
3.94 R = 2,5-(Cy)2C6H3
3.95 R = 2,4,6-(CH2CH3)3C6H2
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Entrya Catalyst Yieldb e.r.c 
1 3.75 69% 73:27 
2 3.76 82% 86:14 
3 3.77 95% 77:23 
4 3.78 83% 54:46 
5 3.79 15% 60:40 
6 3.80 No Reaction N/A 
7 3.81 15% 60:40 
8 3.82 13% 56:44 
9 3.83 25% 68:32 
10 3.84 49% 87:13 
11 3.85 33% 68:32 
12 3.86 20% 51:49 
13 3.87 25% 60:40 
14 3.88 30% 62:38 
15 3.89 85% (70%) 89:11 (97:03) 
16 3.90 45% 75:25 
17 3.91 26% 74:26 
18 3.92 59% 76:24 
19 3.93 86% 77:23 
20 3.94 No Reaction --- 
21 3.95 No Reaction --- 
aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CF3 (0.3 M). Imine 2.81 (0.5 mmol) was added and let sir at r.t. for 36 h. bIsolated 
yields. cDetermined by chiral HPLC. 
 
Table 3.4. Imidodiphosphoric acid (IDP) and imidodiphosphorimidate (IDPi) catalyst screen for tert-butyl 
carbamate imine optimization. 
 
 The next imine to be optimized was the allyl carbamate imine substrate 3.3. 
Catalyst 3.37 proved to be the optimal catalyst when using the ‘one-pot’ optimized 
method giving a yield of 80% and a selectivity of 97:03 e.r. The carboxybenzylcarbamate 
(CBZ) imine 3.4 was then optimized and due to the steric demand of the benzyl group the 
less sterically hindered I2-(H8)-BINOL 3.60 gave an optimal selectivity of 96:04 e.r. and 
a yield of 84%. The benzamide imine 3.5 was optimized when using catalyst 3.38 giving 
a selectivity of 99:01 e.r. and a yield of 92%. (Table 3.5) The reaction was ran using the 
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Fmoc imine 3.6 but no reactivity was observed. The Fmoc group proved to be too ‘bulky’ 
that the initial addition on the iminium ion did not proceed. The results for the imine 
optimization tables can be summarized in Graph 3.1 as the two-dimensional catalysts and 
imine protecting group screen. 
 
 
Entrya Imine Catalyst Yieldb e.r.c 
1 3.3 3.28 50% 55:45 
2 3.4 3.28 60% 58:42 
3 3.5 3.28 67% 55:45 
4 3.3 3.34 85% 76:24 
5 3.4 3.34 78% 67:33 
6 3.5 3.34 83% 76:24 
7 3.3 3.37 80% 97:03 
8 3.4 3.37 55% 70:30 
9 3.5 3.37 75% 85:15 
10 3.3 3.38 92% 92:08 
11 3.4 3.38 90% 89:11 
12 3.5 3.38 92% 99:01 
13 3.3 3.42 60% 74:26 
14 3.4 3.42 65% 70:30 
15 3.5 3.42 73% 78:22 
16 3.3 3.51 63% 82:18 
17 3.4 3.51 68% 75:25 
18 3.5 3.51 63% 73:27 
19 3.3 3.58 55% 56:44 
20 3.4 3.58 56% 52:48 
21 3.5 3.58 58% 53:17 
22 3.3 3.60 85% 68:32 
23 3.4 3.60 90% 96:04 
H
N
R
O
OCH3
N O
OCH3
O
N
OCH3
O
OCH3
O
(S)
N
RO
H
H
H
3.73.3 R = OAllyl
3.4 R = OBn
3.5 R = Ph
3.11 R = OAllyl
3.12 R = OBn
3.13 R = Ph
i. catalyst (10 mol%)
C6H5CF3 (0.3 M)
r.t. 40 min.
ii. HCl (2 M in ether)
    (10 mol%), r.t., 15 h.
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24 3.5 3.60 78% 60:40 
25 3.3 3.64 67% 60:40 
26 3.4 3.64 68% 78:22 
27 3.5 3.64 72% 66:34 
aReaction conditions: Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in 
C6H5CH3 (0.3 M). Imine 2.81 (0.5 mmol) was added and let sir at r.t. for 40 min. Then 
HCl (0.05 mmol) was added and let stir for 15 minutes. bIsolated yields. cDetermined by 
chiral HPLC. 
 
Table 3.5. Optimization of Allyl carbamate imine, CBZ imine and benzamide imine.  
 
 
Graph 3.1. 2-Dimensional catalyst vs imine screen.  
 
3.3 General Substrate Scope 
Enecarbamate 
 
 The protecting group on the enecarbamate was also explored; when the tert-butyl 
3.96, allyl 3.97, CBZ 3.98 and benzamide 3.99 substrates were exposed to the ‘one-pot’ 
method quantitative yields were observed but with a racemic mixture of products when 
using catalyst 3.38. This result is possibly attributed to the fact that these ‘bulkier’ 
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protecting groups are slowing down the initial addition onto the activated iminium ion 
and upon addition of the HCl it speeds up the reaction causing the racemic mixture. 
Method (b) was used with catalyst 3.38 on these protecting group but was let stir for 4 
days instead of the 36 hours stir period previously reported producing high yield for all 
substrates but desirable selectivity was observed with the tert-butyl 3.96 and allyl 
carbamate enamine 3.97 Mannich products. Unfortunately, the CBZ 3.98 and benzamide 
3.99 substrates gave a diminished selectivity of 91:09 e.r. and 81:19 e.r. When the CBZ 
substrate 3.104 was recrystallized enantioenrichment was achieved with 95:05 e.r and a 
65% recovery yield. (Figure 3.5) 
In order to understand the reason for the lower selectivity of the benzamide 
substrate 3.105, substrate variants were synthesized changing the electronics of the 
system. A para-methoxy benzamide enamine 3.100 was synthesized to increase the 
nucleophilicity of the substrate and consequently speeding up the reaction allowing for a 
faster rate of reaction. Conversely, when an electron withdrawn substrate is used, such as 
the para-CF3 benzamide enamine 3.101, it was expected to slow down the addition and 
significantly lowering the reaction rate. The trend did hold true, as the substrates did 
significantly change the reaction time. For example, when enamine 3.100 was used, the 
reaction rate increased to afford the hemiaminal ether in 15 minutes in an increased 
selectivity of 86:14 e.r. When enamine 3.101 was used, the reaction took significantly 
longer and a significantly lower e.r. was also observed. A catalyst screen was performed 
on with the benzamide substrates and unfortunately no improvement in selectivity was 
seen. (Table 3.6) Variations in the ester moiety on the enecarbamate were also explored. 
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Satisfyingly, when different substrates (3.108-3.112) were used, all were tolerated with 
the optimized method and catalyst 3.38. (Figure 3.6) 
 
 
 
Figure 3.5. Enecarbamate substrate scope – Acyl protecting group. 
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Entrya Enamine Catalyst Yieldb e.r.c 
1 3.99 3.29 97% 80:20 
2 3.100 3.29 90% 67:33 
3 3.101 3.29 92% 68:32 
4 3.99 3.35 95% 77:23 
5 3.100 3.35 99% 82:18 
6 3.101 3.35 93% 71:29 
7 3.99 3.38 95% 82:18 
8 3.100 3.38 96% 88:12 
9 3.101 3.38 92% 75:25 
aReaction conditions: amethod (a) Enamine 2.82 (0.5 mmol) and catalyst (0.05 mmol) 
dissolved in C6H5CH3 (0.3 M). Imine 2.81 (0.5 mmol) was added and let sir at r.t. for 40 
min. Then HCl (0.05 mmol) was added and let stir for 15 minutes. Method (b) Enamine 
2.82 (0.5 mmol) and catalyst (0.05 mmol) dissolved in C6H5CF3 (0.3 M). Imine 2.81 (0.5 
mmol) was added and let sir at r.t. for 36 h. bIsolated yields. cDetermined by chiral 
HPLC. 
 
Table 3.6. Catalyst screen for the benzamide protecting groups.  
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Figure 3.6. Enecarbamate substrate scope – Ester moiety. 
  
Acyl Imine and Mixed Substrates 
 
 Aside from the protecting groups on the imine, the aryl functionality was also 
investigated. The reaction was tolerant of substituted phenyl group at the ortho, meta and 
para positions with both electron withdrawing and donating groups giving the expected 
product with high yields and selectivity. Heterocycles such as thiophene and furan were 
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also tolerated both providing high enantioselectivities. However, while the thiophenyl 
product 3.124 gave high yields, the furanyl product showed to have a decomposition 
pathway if left to stir at room temperature. Cinnamaldehyde derivatives were also 
tolerated in the reaction. Unfortunately, when the hydrocinnamaldehyde and cyclohexyl 
carboxaldehyde derivatives were made, the derived products proved to be unstable at 
room temperature and polymerization occurred. We propose that the acidic alpha proton 
to the chiral center is being deprotonated and reacting with another molecule. (Figure 3.7) 
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Figure 3.7. Acyl imine substrate scope.  
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 It was of importance to display the true generality of the method by changing the 
3 different functional groups at once. As seen in Figure 3.8, when the functional groups 
are mixed and the proper catalyst is chosen for the respective protecting group, the 
products showed high selectivity and yields. After showing complete generality of our 
method, an asymmetric hydrogenation was conducted on the Mannich product to afford 
the chiral 1,3-diamine.   
 
 
Figure 3.8. Examples of mixed substrates. 
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3.3 Asymmetric Hydrogenation 
 
 An asymmetric hydrogenation was performed on the Mannich product 3.9 to 
obtain the chiral 1,3-diamine 3.134. The first approach was to develop a simple 
hydrogenation method. The first conditions that were attempted was dissolving the 1,3-
diamine encarbamate 3.9 in ethanol with a Pd/C as the catalyst with hydrogen at 
atmospheric pressures with a balloon. Unfortunately, no reactivity was observed after 
stirring for 5 days. When complete solvation was achieved by the addition of ethyl 
acetate as a 1:1 mixture with ethanol under the same conditions, complete conversion was 
seen when stirred at 1 atm for 5 days. It was to our delight that an inherent 
diastereoselectivity of 18:1 for the diamine product was observed. This inherent 
selectivity can be attributed to the existing internal hydrogen bonding between the chiral 
amine and the carbamate moiety. (Table 3.7) In order to lower the stir period, pressure 
was added to the system. When the reaction was stirred at room temperature at 400 psi 
for 24 hours, complete conversion was observed with no diminished selectivity. In order 
to gain access to one diastereomer exclusively, chiral Rhodium complexes were screened. 
(Table 3.7) 
 Throughout literature, there are many examples of rhodium-catalyzed 
hydrogenations of enamines. Mark Burk and coworkers have done extensive work on 
enamine asymmetric hydrogenations using chiral rhodium complexes.144,145 The group 
developed highly selective rhodium hydrogenation catalysts based on chiral 1,2-
bis(phospholano)benzene (DuPHOS). They observed the cationic Et-DuPHOS-Rh 
catalysts allowed for the hydrogenation of both the (E)- and (Z)-enamides to gain access 
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to the amino acid derivatives with high enantiomeric excesses and with the same absolute 
configuration as the given catalyst configuration. Soon after, the group applied this 
hydrogenation to highly functionalized enamides and by changing the rhodium complex 
optimal enantioselectivity were obtained. Robinson and coworkers applied this Et-
DuPHOS-Rh catalyst to the asymmetric hydrogenation of a,b-diamidoacrylates to give 
access to chiral a,b-diaminopropanoic acid derivatives.146  
Due to the similarity of the substrates used in the aforementioned methods, these 
cationic DuPHOS-Rh catalysts were firstly attempted in our hydrogenation conditions in 
order to gain selectivity for the individual diastereomers. Besides the DuPHOS-Rh 
catalyst, a JOSIPHOS-Rh catalyst complex was also screened (Table 3.7). After doing a 
preliminary condition investigation, it was observed that the optimal pressure was 700 psi 
and the 1:1 ethyl acetate:ethanol solvent mixture was necessary for reactivity. The (S,R)-
JOSIPHOS-Rh complex 3.135 gave quantitative conversion to the reduced product with 
complete selectivity for the major diastereomer. When the opposite enantiomer, (R,S)-
JOSIPHOS-Rh 3.136, it was selective for the major diastereomer but with a diminished 
d.r. of 5:1. The (S,S)Et-DuPHOS-Rh catalyst 3.137 was then attempted under the same 
conditions and complete selectivity for the major enantiomer was observed once again. 
However, when the opposite conformer, (S,S)Et-DuPHOS-Rh catalyst 3.138, was used a 
selectivity for the minor diastereomer was finally observed, albeit, with a d.r. of 1:4. 
Substitution variants of the DuPHOS complex were screened when using the, 3.139, 
similar reactivity and selectivity were obtained but when more sterically demanding 
ligands were screened such as, 3.140 and 3.141, a significant loss in reactivity was 
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observed as well as a drop in selectivity.  (Table 3.7) Relative configuration of these 
chiral 1,3-diamines was determined by doing a phosgene cyclization to yield the urea 
derivative and a NOE study was done and it was determined that the major enantiomer is 
the syn-1,3-diamine and the minor is the anti-1,3-diamine. 
 
Entrya Catalyst Ligand Press. 
(psi) 
Time Solv. (0.1M) Yieldb d.r.c 
1 Pd/C --- 14.7 5 d. EtOH 0 --- 
2 Pd/C --- 14.7 5 d. EtOAc:EtOH >98% 18:1 
3 Pd/C --- 400 24 h. EtOAc:EtOH >98% 18:1 
4 [Rh(COD)2OTf] 3.135 400 24 h. EtOAc:EtOH 40% 100:0 
4 [Rh(COD)2OTf] 3.135 700 24 h. EtOAc:EtOH >98% 100:0 
5 [Rh(COD)2OTf] 3.136 700 24 h. EtOAc:EtOH >98% 5:1 
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6 [Rh(COD)2OTf] 3.137 700 24 h. EtOAc:EtOH >98% 100:0 
7 [Rh(COD)2OTf] 3.138 700 48 h. EtOAc:EtOH >98% 1:4 
8 [Rh(COD)2OTf] 3.139 700 48 h. EtOAc:EtOH >98% 1:4 
9 [Rh(COD)2OTf] 3.140 700 48 h. EtOAc:EtOH 18% 1:0.89 
10 [Rh(COD)2OTf] 3.141 700 48 h. EtOAc:EtOH 21% 1:0.95 
aReaction conditions: The enamine amine 3.9 (0.150 mmol) was added to a high-pressure 
reactor with catalyst (0.015 mmol) and ligand (0.030 mmol) with 1:1 solvent mixture. 
The reactor was put under pressure and let stir at room temperature. bIsolated yields. 
cDetermined by NMR.  
 
Table 3.7. Optimization for the asymmetric hydrogenations 
3.4 Conclusion 
 The substrate capability of the developed asymmetric Mannich reaction is 
described to be very general. Efforts were placed on making the method tolerant of the 
most commonly used acyl imine protecting groups. Extensive optimization was done on 
the tert-butyl imine, which included a catalyst screen of over 70 chiral phosphoric acids 
including 11 novel catalysts described for the first time. The method was also optimized 
for other acyl imine protecting groups including allyl and benzyl carbamate and the 
benzamide imines. By simply altering the catalysts, slightly optimal catalysts were found 
for each acyl imine used. Further functional group diversification was tolerated. A total 
of 32 substrate examples were achieved with high yield and moderate to high 
enantioselectivities observed.  
Both diastereomers of the chiral diamine have been efficiently been synthesized 
by an asymmetric hydrogenation using cationic DuPHOS-Rh catalysts under H2 pressure. 
In summary, this method allows for a highly modular, versatile synthesis of chiral 1,3-
diamines using chiral phosphoric acids with generality in functional groups and 
protecting groups. An interesting mechanism was also discovered in the process of 
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optimization of this method by the discovery of the hemiaminal ether intermediate which 
undergoes a stereoselective, intramolecular rearrangement for the 1,3-diamine Mannich 
product. Interestingly, we expect to apply this new mode of reactivity onto other diamine 
systems. In Chapter 4, we propose a variety of systems in which we could apply this 
reactivity and show some preliminary data supporting a similar mechanism to make 1,2-
diamines using acyl imines and glycinate derivatives.  
3.5 Experimental Information 
 
General Information 
 
All 1H NMR and 13C NMR spectra were recorded using Varian Unity Plus 500 MHz 
spectrophotometer at ambient temperature in CDCl3. Chemical shifts are reported in 
parts per million as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet, br = broad), coupling constant, and integration. Low 
resolution mass spectrometry data was obtained on an Agilent LC/MSD VL system by 
electrospray (ESI) flow injection analysis in the positive mode. Mobile phases were water 
and acetonitrile with 0.1% formic acid. The MS settings were: voltage = 3000V, 
fragmentor = 70 and chamber temperature = 350 °C. UPLC-MS analysis was performed 
on a C18 column (1.7mm, 2.1 X 50 mm) with CH3CN:H2O gradient as eluent with UV, 
ELSD and electrospray ionization (ESI) positive ion detection. Optical rotations were 
recorded on an AUTOPOL III digital polarimeter at 589 nm, and were reported as [a]D 
(concentration in grams/100mL solvent). Chiral HPLC analysis was performed using an 
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Agilent 1100 series HPLC System with a diode array detector. Chiral columns include 
Chiralcel® OD (Chiral Technologies Inc., 25 cm x 4.6 mm I.D.), Chiralpak® AD-H 
(Chiral Technologies Inc., 25 cm x 4.6 mm I.D.), Chiralpak® IA (Chiral Technologies 
Inc., 24 cm x 4.6 cm I.D.) and (R,R)-Whelk-O (Regis® Technologies Inc., 25 cm x 4.6 
mm I.D.).  
 
Preparation of BINOL-phosphoric acid catalysts 3.41, 3.52, and 3.57 
 
 
 
General Procedure 1. The BINOL starting material was prepared using known literature 
procedures.147 The chiral BINOL-phosphoric acids were prepared via a modified 
literature procedure.104,109 BINOL derivatives (1 mmol) were dissolved in pyridine (0.06 
M, 20 mL) was added to a flame dried 100 mL round bottom flask. The solution was then 
cooled to 0 ºC and then phosphorus oxychloride, POCl3, (3 mmol, 3 eq.) was added 
dropwise. The reaction was then let stir at room temperature for 18 hours. It was then 
cooled to 0 ºC and then Water (0.06 M, 20 mL) was added and stirred at 50 ºC for 3 
hours. Once the reaction was complete, it was then washed with 4N HCl aqueous solution 
(3x) and then the organic layer was dried over sodium sulfate and concentrated in vacuo. 
The residue was then purified via flash column chromatography (0-5% MeOH in DCM). 
The solid was then dissolved in dichloromethane (DCM) and rinsed with 4N HCl 
OH
OH
Ar
Ar
O
O
Ar
Ar
P
O
OH
i. POCl3 (3 eq.) 
   Pyridine (0.06 M)
   r.t., 18 h. 
ii. H2O (0.06 M)
    50 ºC, 3 h.
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aqueous solution (2x) and dried over sodium sulfate and concentrated in vacuo to yield an 
off-white foam. The foam was then crystallized using DCM/Hexanes to afford an off 
white solid.   
 
(2r)-4-hydroxy-2,6-bis(2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenyl)dinaphtho[2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.41) 
Prepared according to the general procedure 1. The crude material was purified by flash 
column chromatography with elution by 95:05 DCM:MeOH. Yield: 0.750 g, 69% yield. 
Physical State: White solid. [a]D22 = -127º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, 
Acetone-d6) δ 8.45 (s, 2H), 8.23 (d, J = 8.2 Hz, 2H), 7.69 (t, J = 7.4 Hz, 2H), 7.55 (dt, J = 
16.0, 8.5 Hz, 4H). 13C NMR (125 MHz, Acetone-d6) δ 133.54, 132.87, 131.10, 129.22, 
128.55, 126.86, 126.53, 122.37, 118.72. IR (thin film, cm-1): 3376, 1661, 1604, 1481, 
1433, 1341, 1320, 1293, 1263, 1245, 1207, 1187, 1144, 1020, 989, 973, 945, 899, 828, 
750, 732, 720, 699, 612, 590, 552, 502, 467, 439. HRMS m/z 778.9915 (M-H). [Calc’d 
for C34H11F14O4P: 779.0093]. TLC: Rf = 0.6 (9:1 DCM:MeOH) 
SMILES:O=P1(O)OC([C@@]([C@@]2=C(F)C(F)=C(C(F)(F)F)C(F)=C2F)=C3)=C(C4
=C(O1)C(C5=C(F)C(F)=C(C(F)(F)F)C(F)=C5F)=CC6=C4C=CC=C6)C7=C3C=CC=C7 
InChI=1S/C34H11F14O4P/c35-23-19(24(36)28(40)21(27(23)39)33(43,44)45)15-9-11-
5-1-3-7-13(11)17-18-14-8-4-2-6-12(14)10-16(32(18)52-53(49,50)51-31(15)17)20-
25(37)29(41)22(34(46,47)48)30(42)26(20)38/h1-10H,(H,49,50) 
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2,6-Di([1,1'-biphenyl]-3-yl)-4-hydroxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 
4-oxide (3.52) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 95:05 DCM:MeOH. Yield: 0.457 g, 70% yield. 
Physical State: White solid. [a]D22 = -237º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, 
Acetone-d6) δ 8.25 (s, 2H), 8.20 – 7.96 (overlap, 5H), 7.84 – 7.65 (overlap, 6H), 7.63 – 
7.49 (overlap, 4H), 7.49 – 7.41 (overlap, 2H), 7.41 – 7.18 (overlap, 9H). 13C NMR (125 
MHz, Acetone-d6) δ 145.41, 145.31, 140.63, 137.93, 134.13, 132.06, 132.05, 131.47, 
131.43, 129.00, 128.77, 128.72, 128.53, 127.26, 127.00, 126.70, 126.56, 126.28, 126.26, 
125.94, 125.86, 122.71, 122.69. IR (thin film, cm-1): 2932, 1693, 1678, 1640, 1626, 
1602, 1573, 1514, 1450, 1423, 1258, 1202, 1162, 1100, 1062, 1016, 954, 906, 880, 854, 
829, 819, 793, 755, 721, 685, 581, 538, 507. HRMS m/z 653.1900 (M + H). Calc’d for 
C44H30O4P: 653.1882]. TLC: Rf = 0.4 (9:1 DCM:MeOH) 
SMILES:O=P1(O)OC(C(C2=CC(C3=CC=CC=C3)=CC=C2)=C4)=C(C5=C(O1)C(C6=
CC=CC(C7=CC=CC=C7)=C6)=CC8=C5C=CC=C8)C9=C4C=CC=C9 
InChI=1S/C44H29O4P/c45-49(46)47-43-39(33-21-11-19-31(25-33)29-13-3-1-4-14-
29)27-35-17-7-9-23-37(35)41(43)42-38-24-10-8-18-36(38)28-40(44(42)48-49)34-22-12-
20-32(26-34)30-15-5-2-6-16-30/h1-28H,(H,45,46) 
 
4-Hydroxy-2,6,9,14-tetrakis(trifluoromethyl)dinaphtho[2,1-d:1',2'-f][1,3,2] 
dioxaphosphepine 4-oxide (3.57) 
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Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 95:05 DCM:MeOH. Yield: 0.459 g, 75% yield. 
Physical State: White solid. [a]D22 = 129º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, 
Acetone-d6) δ 8.96 (s, 2H), 8.79 (s, 2H), 7.76 (d, J = 8.8 Hz, 2H), 7.51 (d, J = 8.7 Hz, 
2H). 13C NMR (124 MHz, Acetone-d6) δ 137.88, 135.29, 131.72, 129.26, 128.17, 
128.00, 127.84, 127.79, 124.89, 122.69. IR (thin film, cm-1): 3351, 1639, 1613, 1452, 
1430, 1334, 1302, 1316, 1289, 1237, 1198, 1120, 1070, 1027, 980, 960, 883, 828, 792, 
777, 706, 678, 653, 606, 592, 558, 463. HRMS m/z 621.0128 (M + H). Calc’d for 
C24H9F12O4P: 621.0125]. TLC: Rf = 0.45 (9:1 DCM:MeOH) 
SMILES:O=P1(O)OC(C(C(F)(F)F)=C2)=C(C3=C(O1)C(C(F)(F)F)=CC4=C3C=CC(C(
F)(F)F)=C4)C5=C2C=C(C(F)(F)F)C=C5 InChI=1S/C24H9F12O4P/c25-21(26,27)11-1-
3-13-9(5-11)7-15(23(31,32)33)19-17(13)18-14-4-2-12(22(28,29)30)6-10(14)8-
16(24(34,35)36)20(18)40-41(37,38)39-19/h1-8H,(H,37,38) 
 
Preparation of [H8] BINOL-phosphoric acid catalysts 3.62, 3.65, 3.68, and 3.70 
 
General Procedure 2. The [H8]-BINOL and miscellaneous scaffolds were prepared 
using known literature procedures.148,149 Once the diol was made general procedure 1 was 
followed.  
OH
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Ar
Ar
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O
Ar
Ar
P
O
OH
i. POCl3 (3 eq.) 
   Pyridine (0.06 M)
   r.t., 18 h. 
ii. H2O (0.06 M)
    50 ºC, 3 h.
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2-(4,5a1-Dihydropyren-1-yl)-4-hydroxy-6-(pyren-1-yl)-8,9,10,11,12,13,14,15-
octahydrodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.62) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 95:05 DCM:MeOH. Yield: 0.647 g, 85% yield. 
Physical State: White solid. [a]D22 = -431º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, 
Acetone-d6) δ 8.31 – 7.93 (overlap, 20H), 3.17 – 2.92 (overlap, 8H), 2.01 – 1.77 
(overlap, 8H). 13C NMR (125 MHz, Acetone-d6) δ 170.53, 133.00, 132.54, 131.49, 
130.89, 129.01, 128.80, 127.38, 126.02, 125.12, 124.46, 124.16, 120.80, 27.89, 22.58, 
22.56, 22.52, 22.50. IR (thin film, cm-1): 3639, 3039, 2931, 2857, 1603, 1449, 1423, 
1268, 1261, 1275, 1217, 1202, 1179, 1100, 1062, 1017, 965, 955, 905, 879, 842, 763, 
752, 722, 685, 582, 505. HRMS m/z 781.2454 (M + Na) [Calc’d for C52H39O4PNa+: 
781.2484]. TLC: Rf = 0.45 (9:1 DCM:MeOH) 
SMILES:O=P1(O)OC(C(C2=CC=C3C(C45)=C2C=CC4=CC=CC5=CC3)=C6)=C(C7=
C(CCCC8)C8=CC(C9=C(C=CC%10=CC=CC(C=C%11)=C%10%12)C%12=C%11C=C
9)=C7O1)C%13=C6CCCC%13 InChI=1S/C52H39O4P/c53-57(54)55-51-43(39-23-19-
33-17-15-29-9-5-11-31-21-25-41(39)47(33)45(29)31)27-35-7-1-3-13-37(35)49(51)50-
38-14-4-2-8-36(38)28-44(52(50)56-57)40-24-20-34-18-16-30-10-6-12-32-22-26-
42(40)48(34)46(30)32/h5-6,9-12,15-17,19-28,46H,1-4,7-8,13-14,18H2,(H,53,54) 
 
4-Hydroxy-2,6-bis(4-(naphthalen-1-yl)phenyl)-8,9,10,11,12,13,14,15-
octahydrodinaphtho [2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.68) 
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Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 95:05 DCM:MeOH. Yield: 0.418 g, 55% yield. 
Physical State: White solid. [a]D22 = -85.8º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, 
Acetone-d6) δ 8.45 – 8.18 (overlap, 10H), 8.02-7.82 (overlap, 10H), 7.76 (dd, J = 14.4, 
7.3 Hz, 2H), 7.70 (s, 1H), 7.63 (s, 1H), 3.43 – 3.20 (m, 4H), 2.96 – 2.86 (m, 2H), 2.77 – 
2.66 (m, 2H), 2.36 – 2.99 (overlap, 8H). 13C NMR (125 MHz, Acetone-d6) δ 147.48, 
146.21, 144.27, 143.95, 141.67, 139.16, 136.58, 136.31, 134.79, 134.73, 134.57, 134.46, 
133.47, 131.99, 131.16, 32.88, 32.37, 28.35, 28.23. IR (thin film, cm-1): 3507, 3042, 
2936, 1679, 1591, 1515, 1505, 1433, 1394, 1231, 1195, 1231, 1195, 1136, 1089, 1021, 
1006, 963, 844, 829, 800, 778, 755, 683, 652, 603, 571, 525. HRMS m/z 783.2657 (M + 
Na) [Calc’d for C52H41O4PNa: 783.2640]. TLC: Rf = 0.65 (9:1 DCM:MeOH) 
SMILES:O=P1(O)OC(C(C2=CC=C(C3=C(C=CC=C4)C4=CC=C3)C=C2)=C5)=C(C6=
C(CCCC7)C7=CC(C8=CC=C(C9=CC=CC%10=C9C=CC=C%10)C=C8)=C6O1)C%11
=C5CCCC%11 InChI=1S/C52H41O4P/c53-57(54)55-51-47(37-27-23-35(24-28-37)43-
21-9-15-33-11-1-5-17-41(33)43)31-39-13-3-7-19-45(39)49(51)50-46-20-8-4-14-
40(46)32-48(52(50)56-57)38-29-25-36(26-30-38)44-22-10-16-34-12-2-6-18-
42(34)44/h1-2,5-6,9-12,15-18,21-32H,3-4,7-8,13-14,19-20H2,(H,53,54) 
 
2,6-Di([1,1'-biphenyl]-3-yl)-4-hydroxy-8,9,10,11,12,13,14,15-octahydrodinaphtho[2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.70) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 95:05 DCM:MeOH. Yield: 0.502 g, 76% yield. 
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Physical State: White solid. [a]D22 = -101º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, 
Acetone-d6) 7.84 – 7.65 (overlap, 6H), 7.63 – 7.49 (overlap, 4H), 7.49 – 7.41 (overlap, 
2H), 7.41 – 7.18 (overlap, 8H), 3.17 – 2.92 (overlap, 8H), 2.01 – 1.77 (overlap, 8H). 13C 
NMR (125 MHz, Acetone-d6) 145.41, 145.31, 140.63, 137.93, 134.13, 132.06, 132.05, 
131.47, 131.43, 129.00, 128.77, 22.58, 22.56, 22.52, 22.50. IR (thin film, cm-1): 2931, 
1692, 1659, 1640, 1632, 1597, 1493, 1450, 1261, 1222, 1070, 1019, 966, 886, 857, 758, 
720, 583, 499. HRMS m/z 661.2512 (M + H) [Calc’d for C44H38O4P: 661.2508]. TLC: 
Rf = 0.60 (9:1 DCM:MeOH) 
SMILES:O=P1(O)OC(C(C2=CC(C3=CC=CC=C3)=CC=C2)=C4)=C(C5=C(O1)C(C6=
CC=CC(C7=CC=CC=C7)=C6)=CC8=C5CCCC8)C9=C4CCCC9 
InChI=1S/C44H37O4P/c45-49(46)47-43-39(33-21-11-19-31(25-33)29-13-3-1-4-14-
29)27-35-17-7-9-23-37(35)41(43)42-38-24-10-8-18-36(38)28-40(44(42)48-49)34-22-12-
20-32(26-34)30-15-5-2-6-16-30/h1-6,11-16,19-22,25-28H,7-10,17-18,23-
24H2,(H,45,46) 
 
Preparation of Imidodiphosphoric acid (IDP) catalysts 3.83, 3.84, 3.85, 3.86, 3.91, 3.92 
and 3.93. 
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General Procedure 3. A modified literature procedure was followed.150,151 In a flame 
dried 50 mL round bottom flask, NaH was added to a solution of BINOL derivative 
phosphoryl amine in THF and let stir for 30 min at 0 ºC. A solution of BINOL derivative 
phosphoryl chloride in THF was added dropwise to the flask and let stir overnight for 48 
hrs. The reaction was followed through TLC (5:1 Hexanes:EtOAc). Once the reaction 
was complete the reaction mixture was diluted using DCM (15 mL) and aqueous 4N HCl 
solution (15 mL), which was stirred for 30 min. The organic layer was then separated and 
dried over sodium sulfate and concentrated in vacuo.  The residue was the purified via 
flash column chromatography (1:1 DCM: Hexanes, DCM, 98:02 DCM:EtOAc, 96:04 
DCM: EtOAc, 94:06 DCM:EtOAc, 92:08 DCM:EtOAc). The purified solid was then 
dissolved in DCM (20 mL) and aqueous 4N HCl solution (20 mL) and stirred at room 
temperature for 30 min. The organic layer was separated, dried over sodium sulfate and 
concentrated in vacuo to give an off-white residue. The residue was then crystillized out 
of DCM using hexanes.  
 
(2r)-4-((4-Hydroxy-2,6-bis(2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenyl)-7a,11a-
dihydro-4λ5-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-ylidene)amino)-2,6-
bis(2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenyl)dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepine 4-oxide (3.83) 
Prepared according to the general procedure. Yield: 1.33 g, 86% yield. 
Physical State: White solid. [a]D22 = -250º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, 
Chloroform-d) δ 8.17 – 7.80 (m, 8H), 7.74 – 7.27 (m, 12H). 13C NMR (125 MHz, 
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Chloroform-d) δ 134.08, 133.93, 133.89, 133.78, 133.41, 133.14, 132.92, 130.94, 
130.40, 129.19, 129.05, 129.03, 128.72, 128.68, 128.64, 128.54, 128.36, 127.15, 126.73. 
IR (thin film, cm-1): 3057, 2162, 1621, 1596, 1567, 1547, 1536, 1494, 1460, 1450, 1411, 
1360, 1322, 1245, 1178, 1150, 1121, 1076, 1031, 937, 891, 859, 837, 817, 777, 720, 698, 
677, 646, 475 HRMS m/z (M + Na) [Calc’d for C72H47NO6P2Na:]. TLC: Rf = 0.7 (9:1 
DCM:MeOH) 
SMILES:O=P1(N=P2(O)OC([C@@]([C@@]3=C(F)C(F)=C(C(F)(F)F)C(F)=C3F)=C4)
=C(C5=C(C=CC=C6)C6=CC(C7=C(F)C(F)=C(C(F)(F)F)C(F)=C7F)=C5O2)C8=C4C=C
C=C8)OC([C@@]([C@@]9=C(F)C(F)=C(C(F)(F)F)C(F)=C9F)=C%10)=C(C%11=C(C
=CC=C%12)C%12=CC(C%13=C(F)C(F)=C(C(F)(F)F)C(F)=C%13F)=C%11O1)C%14=
C%10C=CC=C%14 InChI=1S/C68H21F28NO6P2/c69-45-
37(46(70)54(78)41(53(45)77)65(85,86)87)29-17-21-9-1-5-13-25(21)33-34-26-14-6-2-
10-22(26)18-30(38-47(71)55(79)42(66(88,89)90)56(80)48(38)72)62(34)101-104(98,100-
61(29)33)97-105(99)102-63-31(39-49(73)57(81)43(67(91,92)93)58(82)50(39)74)19-23-
11-3-7-15-27(23)35(63)36-28-16-8-4-12-24(28)20-32(64(36)103-105)40-
51(75)59(83)44(68(94,95)96)60(84)52(40)76/h1-20,98H 
 
4-((4-Hydroxy-2,6-diphenyl-7a,11a-dihydro-4λ5-dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepin-4-ylidene)amino)-2,6-di(naphthalen-2-yl)dinaphtho[2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.84) 
Prepared according to the general procedure. Yield: 0.941 g, 87% yield. Physical State: 
White solid. [a]D22 = -227º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, Chloroform-d) δ 
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8.06 – 7.85 (overlap, 10H), 7.75 (dt, J = 27.2, 8.3 Hz, 4H), 7.60 – 7.25 (overlap, 34H), 
6.74 (dt, J = 15.1, 7.3 Hz, 4H). 13C NMR (125 MHz, Chloroform-d) δ 137.15, 136.53, 
130.34, 130.29, 130.10, 130.00, 129.74, 129.54, 128.30, 128.27, 127.98, 127.96, 127.68, 
127.63, 127.28, 127.14, 127.01, 126.82, 126.61, 126.33. IR (thin film, cm-1): 3324, 
3054, 1623, 1595, 1496, 1451, 1411, 1361, 1322, 1301, 1245, 1195, 1178, 1150, 1122, 
1076, 983, 960, 937, 891, 860, 765, 747, 698, 677, 633, 608, 589, 516, 490. 
HRMS m/z 1106.2744 (M + Na) [Calc’d for C72H47NO6P2Na: 1106.2776]. TLC: Rf = 
0.7 (9:1 DCM:MeOH) 
SMILES:O=P1(N=P2(O)OC(C(C3=CC=CC=C3)=C4)=C(C5=C(C=CC=C6)C6=CC(C7
=CC=CC=C7)=C5O2)C8=C4C=CC=C8)OC(C(C9=CC=C(C=CC=C%10)C%10=C9)=C
%11)=C(C%12=C(C=CC=C%13)C%13=CC(C%14=CC(C=CC=C%15)=C%15C=C%14
)=C%12O1)C%16=C%11C=CC=C%16 InChI=1S/C72H45NO6P2/c74-80(76-69-
61(47-21-3-1-4-22-47)41-51-27-11-15-31-57(51)65(69)66-58-32-16-12-28-52(58)42-
62(70(66)77-80)48-23-5-2-6-24-48)73-81(75)78-71-63(55-37-35-45-19-7-9-25-
49(45)39-55)43-53-29-13-17-33-59(53)67(71)68-60-34-18-14-30-54(60)44-64(72(68)79-
81)56-38-36-46-20-8-10-26-50(46)40-56/h1-44,74H 
 
2,6-Bis(3,5-bis(trifluoromethyl)phenyl)-4-((4-hydroxy-2,6-diphenyl-7a,11a-dihydro-
4λ5-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-ylidene)amino)dinaphtho[2,1-
d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.85) 
Prepared according to the general procedure. Yield: 0.915 g, 73% yield. Physical State: 
White solid. [a]D22 = -241º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, Chloroform-d) δ 
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8.12 – 7.81 (overlap, 6H), 7.79 – 7.62 (overlap, 4H), 7.62 – 7.29 (overlap, 17H), 7.24 – 
6.90 (overlap, 10H), 6.80 – 6.73 (m, 1H). 13C NMR (125 MHz, Chloroform-d) δ 
141.72, 133.38, 133.15, 132.66, 131.77, 131.76, 131.61, 131.38, 131.37, 130.36, 130.31, 
130.11, 129.73, 129.71, 129.53, 128.59, 128.57, 128.56, 128.47, 128.45, 128.26, 127.98, 
127.96, 127.88, 127.74, 127.68, 127.63, 127.31, 127.22, 127.13, 126.69, 126.67, 126.12. 
IR (thin film, cm-1): 3057, 2161, 1979, 1765, 1620, 1594, 1573, 1547, 1536, 1498, 1461, 
1453, 1407, 1282, 1242, 1179, 1150, 1076, 961, 893, 865, 838, 776, 753, 720, 672, 646, 
614, 552, 480. HRMS m/z 1256.2135 (M + H) [Calc’d for C68H40F12NO6P2: 1256.2139]. 
TLC: Rf = 0.7 (9:1 DCM:MeOH) 
SMILES:O=P1(N=P2(O)OC(C(C3=CC=CC=C3)=C4)=C(C5=C(C=CC=C6)C6=CC(C7
=CC=CC=C7)=C5O2)C8=C4C=CC=C8)OC(C(C9=CC(C(F)(F)F)=CC(C(F)(F)F)=C9)=
C%10)=C(C%11=C(C=CC=C%12)C%12=CC(C%13=CC(C(F)(F)F)=CC(C(F)(F)F)=C
%13)=C%11O1)C%14=C%10C=CC=C%14 InChI=1S/C68H37F12NO6P2/c69-
65(70,71)45-27-43(28-46(35-45)66(72,73)74)55-33-41-21-9-13-25-51(41)59-60-52-26-
14-10-22-42(52)34-56(44-29-47(67(75,76)77)36-48(30-44)68(78,79)80)64(60)87-
89(83,86-63(55)59)81-88(82)84-61-53(37-15-3-1-4-16-37)31-39-19-7-11-23-
49(39)57(61)58-50-24-12-8-20-40(50)32-54(62(58)85-88)38-17-5-2-6-18-38/h1-36,82H 
 
2,6-Di([1,1':3',1''-terphenyl]-5'-yl)-4-((4-hydroxy-2,6-diphenyl-7a,11a-dihydro-4λ5-
dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-ylidene)amino)dinaphtho[2,1-d:1',2'-
f][1,3,2]dioxaphosphepine 4-oxide (3.86) 
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Prepared according to the general procedure. Yield: 0.720 g, 56% yield. Physical State: 
White solid. [a]D22 = -267º (10 mg/mL, CH2Cl2) 1H NMR (400 MHz, Chloroform-d) δ 
8.29 – 7.64 (overlap, 17H), 7.63 – 7.26 (overlap, 26H), 7.25 – 6.91 (overlap, 12H), 6.80 – 
6.72 (m, 1H). 13C NMR (100 MHz, Chloroform-d) δ 128.89, 128.86, 128.82, 128.57, 
128.48, 128.45, 128.41, 128.30, 128.19, 128.08, 128.05, 127.96, 127.87, 127.85, 127.78, 
127.70, 127.45, 127.35, 127.30, 127.26, 127.18, 127.05, 126.69, 126.64. IR (thin film, 
cm-1): 3445, 3324, 3055, 1594, 1577, 1498, 1453, 1406, 1278, 1241, 1179, 1150, 1076, 
1029, 961, 938, 893, 879, 864, 776, 751, 697, 614, 608, 572, 541, 516, 498, 489. HRMS 
m/z 1288.3865 (M + H) [Calc’d for C88H60NO6P2: 1288.3896]. TLC: Rf = 0.7 (9:1 
DCM:MeOH) 
SMILES:O=P1(N=P2(O)OC(C(C3=CC=CC=C3)=C4)=C(C5=C(C=CC=C6)C6=CC(C7
=CC=CC=C7)=C5O2)C8=C4C=CC=C8)OC(C(C9=CC(C%10=CC=CC=C%10)=CC(C
%11=CC=CC=C%11)=C9)=C%12)=C(C%13=C(C=CC=C%14)C%14=CC(C%15=CC(
C%16=CC=CC=C%16)=CC(C%17=CC=CC=C%17)=C%15)=C%13O1)C%18=C%12C
=CC=C%18 InChI=1S/C88H57NO6P2/c90-96(92-85-77(61-35-15-5-16-36-61)53-63-
39-19-23-43-73(63)81(85)82-74-44-24-20-40-64(74)54-78(86(82)93-96)62-37-17-6-18-
38-62)89-97(91)94-87-79(71-49-67(57-27-7-1-8-28-57)47-68(50-71)58-29-9-2-10-30-
58)55-65-41-21-25-45-75(65)83(87)84-76-46-26-22-42-66(76)56-80(88(84)95-97)72-51-
69(59-31-11-3-12-32-59)48-70(52-72)60-33-13-4-14-34-60/h1-56,90H 
 
2,6-Bis(3,5-bis(trifluoromethyl)phenyl)-4-((4-hydroxy-2,6-diphenyl-
7a,8,9,10,11,11a,12,13,14,15-decahydro-4λ5-dinaphtho[2,1-d:1',2'-
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f][1,3,2]dioxaphosphepin-4-ylidene)amino)-8,9,10,11,12,13,14,15-
octahydrodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.91) 
Prepared according to the general procedure. Yield: 0.880 g, 70% yield. Physical State: 
White solid. [a]D22 = -269º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, Chloroform-d) δ 
8.15 – 6.41 (m, 24H), 3.13 – 2.12 (m, 16H), 2.12 – 0.63 (m, 16H). 
13C NMR (125 MHz, , Chloroform-d) δ 138.21, 137.38, 131.78, 131.47, 131.20, 
130.69, 129.86, 129.63, 129.58, 129.50, 129.48, 128.47, 128.37, 127.97, 127.86, 127.48, 
127.38, 126.56, 126.32, 126.30, 125.26, 109.99, 86.00, 29.12, 27.85, 27.43, 24.39, 22.77, 
22.65, 22.55, 22.43, 22.34, 21.75. IR (thin film, cm-1): 2933, 2160, 1602, 1500, 1444, 
1392, 1331, 1246, 1192, 1150, 1073, 1031, 958, 882, 863, 837, 777, 764, 748, 726, 701, 
654, 615, 602, 571, 515, 482. HRMS m/z 1272.3381 (M + H) [Calc’d for 
C68H56F12NO6P2: 1272.3391]. TLC: Rf = 0.7 (9:1 DCM:MeOH) 
SMILES:O=P1(N=P2(O)OC3=C(C4=C(CCCC5)C5=CC(C6=CC=CC=C6)=C4O2)C7C
CCCC7C=C3C8=CC=CC=C8)OC(C(C9=CC(C(F)(F)F)=CC(C(F)(F)F)=C9)=C%10)=C(
C%11=C(CCCC%12)C%12=CC(C%13=CC(C(F)(F)F)=CC(C(F)(F)F)=C%13)=C%11O
1)C%14=C%10CCCC%14 InChI=1S/C68H55F12NO6P2/c69-65(70,71)45-27-43(28-
46(35-45)66(72,73)74)55-33-41-21-9-13-25-51(41)59-60-52-26-14-10-22-42(52)34-
56(44-29-47(67(75,76)77)36-48(30-44)68(78,79)80)64(60)87-89(83,86-63(55)59)81-
88(82)84-61-53(37-15-3-1-4-16-37)31-39-19-7-11-23-49(39)57(61)58-50-24-12-8-20-
40(50)32-54(62(58)85-88)38-17-5-2-6-18-38/h1-6,15-18,27-36,39,49,82H,7-14,19-26H2 
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4-((4-Hydroxy-2,6-diphenyl-7a,8,9,10,11,11a,12,13,14,15-decahydro-4λ5-
dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-ylidene)amino)-2,6-di(naphthalen-2-
yl)-8,9,10,11,12,13,14,15-octahydrodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-
oxide (3.92) 
Prepared according to the general procedure. Yield: 0.901 g, 82% yield. Physical State: 
White solid. [a]D22 = -207º (10 mg/mL, CH2Cl2) 1H NMR (500 MHz, Chloroform-d) δ 
8.12 – 6.56 (m, 28H), 3.16 – 2.10 (m, 16H), 2.01 – 1.34 (m, 16H).  13C NMR (125 MHz, 
Chloroform-d) δ 162.76, 160.69, 149.43, 149.07, 149.05, 148.76, 148.60, 131.47, 
131.28, 130.55, 129.71, 129.47, 128.38, 127.83, 127.62, 127.54, 127.47, 127.37, 127.03, 
126.43, 126.22, 120.59, 112.82, 111.35, 109.63, 108.08, 41.68, 35.11, 33.29, 29.02, 
29.01, 27.75, 23.18, 22.99, 22.82, 22.72, 22.66, 22.45, 22.41. IR (thin film, cm-1): 3425, 
3312, 3058, 2933, 2860, 1601, 1549, 1500, 1449, 1434, 1401, 1276, 1263, 1218, 1138, 
1072, 940, 894, 860, 769, 735, 701, 621, 582, 488. LRMS m/z 1096.3900 (M-H) [Calc’d 
for C72H61NO6P2: 1096.3896]. TLC: Rf = 0.7 (9:1 DCM:MeOH) 
SMILES:O=P1(N=P2(O)OC(C(C3=CC=CC=C3)=C4)=C(C5=C(CCCC6)C6=CC(C7=C
C=CC=C7)=C5O2)C8=C4CCCC8)OC(C(C9=CC=C(C=CC=C%10)C%10=C9)=C%11)
=C(C%12=C(CCCC%13)C%13=CC(C%14=CC(C=CC=C%15)=C%15C=C%14)=C%1
2O1)C%16=C%11CCCC%16 InChI=1S/C72H61NO6P2/c74-80(76-69-61(47-21-3-1-4-
22-47)41-51-27-11-15-31-57(51)65(69)66-58-32-16-12-28-52(58)42-62(70(66)77-80)48-
23-5-2-6-24-48)73-81(75)78-71-63(55-37-35-45-19-7-9-25-49(45)39-55)43-53-29-13-
17-33-59(53)67(71)68-60-34-18-14-30-54(60)44-64(72(68)79-81)56-38-36-46-20-8-10-
26-50(46)40-56/h1-10,19-26,35-44,74H,11-18,27-34H2 
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4-((4-Hydroxy-2,6-diphenyl-7a,8,9,10,11,11a,12,13,14,15-decahydro-4λ5-
dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-ylidene)amino)-2,6-
diphenyldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (3.93) 
Prepared according to the general procedure. Yield: 0.644 g, 65% yield. Physical State: 
White solid. [a]D22 = -209º (10 mg/mL, CH2Cl2) 1H NMR (400 MHz, Chloroform-d) δ 
8.20 – 7.69 (overlap, 5H), 7.67 – 6.74 (overlap, 23H), 6.72 – 6.47 (overlap, 3H), 3.08 – 
2.28 (overlap, 8H), 2.06 – 1.45 (overlap, 8H). 13C NMR (100 MHz, Chloroform-d) δ 
132.21, 132.07, 131.93, 131.69, 131.58, 131.44, 131.15, 130.99, 130.69, 130.55, 130.48, 
130.43, 130.16, 130.10, 129.97, 129.72, 129.64, 128.81, 128.77, 128.48, 128.41, 128.32, 
128.16, 128.03, 128.00, 127.95, 127.93, 127.27, 127.00, 126.87, 126.70, 126.49, 126.10, 
29.51, 29.47, 29.15, 29.12, 28.53, 28.50, 28.35, 27.95, 27.89, 27.87, 22.90, 22.83, 22.70, 
22.64, 22.50, 22.42, 22.04. IR (thin film, cm-1): 3300, 3054, 2931, 2857, 1498, 1444, 
1395, 1330, 1305, 1279, 1246, 1192, 1150, 1072, 1031, 958, 883, 863, 749, 726, 678, 
603, 571, 497, 484. LRMS m/z 988.2687 (M-H) [Calc’d for C64H49NO6P2: 988.2957]. 
TLC: Rf = 0.7 (9:1 DCM:MeOH) 
SMILES:O=P1(N=P2(O)OC(C(C3=CC=CC=C3)=C4)=C(C5=C(C=CC=C6)C6=CC(C7
=CC=CC=C7)=C5O2)C8=C4C=CC=C8)OC(C(C9=CC=CC=C9)=C%10)=C(C%11=C(
CCCC%12)C%12=CC(C%13=CC=CC=C%13)=C%11O1)C%14=C%10CCCC%14 
InChI=1S/C64H49NO6P2/c66-72(68-61-53(41-21-5-1-6-22-41)37-45-29-13-17-33-
49(45)57(61)58-50-34-18-14-30-46(50)38-54(62(58)69-72)42-23-7-2-8-24-42)65-
73(67)70-63-55(43-25-9-3-10-26-43)39-47-31-15-19-35-51(47)59(63)60-52-36-20-16-
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32-48(52)40-56(64(60)71-73)44-27-11-4-12-28-44/h1-14,17-18,21-30,33-34,37-
40,66H,15-16,19-20,31-32,35-36H2 
 
General procedure to make acyl imines via a-amido sulfone 
 
 
All imines were made followed literature procedure and all spectral data agrees with the 
published data.96 
 
General procedure for synthesis acyl imines via TMS-imine 
 
All imines were made followed literature procedure and all spectral data agrees with the 
published data.152–155 
General procedure for the asymmetric Mannich reaction 
Method A. In a flame dried 5 mL round bottom flask, the enamine (0.2 mmol) and 
catalyst (0.014 g, 0.020 mmol) were added and dissolved in C6H5CF3 (0.5 mL) and 
stirred at room temperature for 10 minutes. Then the imine was added to the suspension 
at 0 °C and let stir for 4 hours. Then when the starting material were consumed HCl 
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(0.020 mmol, 2M in Et2O) was added dropwise and let stir at room temperature for 15 
hours. Once the reaction was complete it was then diluted with DCM and then washed 
with water and brine. The organic layers were then combined and dried over sodium 
sulfate and concentrated in vacuo. The residue was then purified through flash column 
chromatography (95:05 toluene:EtOAc) to give the desired product.  
Method B. In a flame dried 5 mL round bottom flask, the enamine (0.2 mmol) and 
catalyst (0.014 g, 0.020 mmol) were added and dissolved in C6H5CF3 (0.5 mL) and 
stirred at room temperature for 10 minutes. Then the imine was added to the suspension 
at 0 °C and let stir for 15 hours. Then when the starting material were consumed it was 
then let warm to room temperature and let stir for another 15 hours. Once the reaction 
was complete it was then diluted with DCM and then washed with water and brine. The 
organic layers were then combined and dried over sodium sulfate and concentrated in 
vacuo. The residue was then purified through flash column chromatography (95:05 
toluene:EtOAc) to give the desired product. 
 
Methyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-phenylpent-2-enoate (3.9) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 5:1 toluene:EtOAc. Yield: 64 mg, 95% yield. 
Physical State: white solid. e.r.: 98:02 [a]D22 = -35 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 25.606 min., tr major: 29.096 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.42 (s, 1H), 7.40 – 7.32 (m, 4H), 7.25 (t, J = 7.1 Hz, 1H), 5.11 (s, 1H), 4.96 (ddd, J = 
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10.8, 8.93, 3.9 Hz, 1H), 3.75 (s, 3H), 3.67 (s, 3H), 3.51 (s, 3H), 3.35 (dd, J = 13.6, 4.0 
Hz, 1H), 2.74 (dd, J = 13.6, 10.7 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 168.71, 
156.23, 153.87, 152.32, 143.18, 128.31, 128.05, 126.98, 125.93, 96.84, 52.77, 51.36, 
51.16, 40.04. IR (thin film, cm-1): 3310, 2956, 1748, 1698, 1667, 1525, 1496, 1351, 
1215, 1190, 1143, 1020, 698, 594 HRMS m/z 359.1213 (M + Na+) [Calc’d for 
C16H20N2O6Na+: 359.1219]. TLC: Rf = 0.33 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CC=C1 
InChI=1S/C16H20N2O6/c1-22-14(19)10-12(17-15(20)23-2)9-13(18-16(21)24-3)11-7-
5-4-6-8-11/h4-8,10,13H,9H2,1-3H3,(H,17,20)(H,18,21)/b12-10-/t13-/m0/s1 
 
Methyl (S,Z)-5-((tert-butoxycarbonyl)amino)-3-((methoxycarbonyl)amino)-5-
phenylpent-2-enoate (3.10) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 47 mg, 82% yield 
Physical State: white solid. e.r.: 89:11 [a]D22 = -10 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 10.192 min., tr major: 11.881 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80 ºC) δ 
10.41 (s, 1H), 7.41 – 7.26 (m, 4H), 7.22 (t, J = 7.1 Hz, 1H), 6.96 (s, 1H), 5.09 (s, 1H), 
4.92 (ddd, J = 10.2, 8.1, 3.6 Hz, 1H), 3.72 (s, 3H), 3.63 (s, 3H), 3.34 (dd, J = 13.5, 3.6 
Hz, 1H), 2.64 (dd, J = 13.3, 10.9 Hz, 1H), 1.31 (s, 9H). 13C NMR (126 MHz, DMSO-d6) 
δ 169.20, 155.74, 154.68, 152.75, 143.53, 128.72, 127.31, 126.46, 97.12, 78.32, 53.17, 
52.71, 51.50, 40.93, 28.49. IR (thin film, cm-1): 3310, 2978, 2928, 1691, 1503, 1365, 
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1250, 1148, 1019, 890, 764, 695, 486 HRMS m/z 401.1692 (M + Na+). Calc’d for 
C19H26N2O6Na+: 401.1689]. TLC: Rf = 0.75 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC(C)(C)C)=O)C1=CC
=CC=C1 InChI=1S/C19H26N2O6/c1-19(2,3)27-18(24)21-15(13-9-7-6-8-10-13)11-
14(12-16(22)25-4)20-17(23)26-5/h6-10,12,15H,11H2,1-5H3,(H,20,23)(H,21,24)/b14-12-
/t15-/m0/s1 
 
Methyl (S,Z)-5-(((allyloxy)carbonyl)amino)-3-((methoxycarbonyl)amino)-5-
phenylpent-2-enoate. (3.11) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 67 mg, 90% yield. 
Physical State: white solid. e.r.: 97:03 [a]D22 = -20 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 23.762 min., tr major: 32.367 min., [Chirapak AD-H column, 24 cm x 4.6 mm 
I.D., Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 
ºC) δ 10.40 (s, 1H), 7.39 – 7.29 (m, 4H), 7.23 (t, J = 7.2 Hz, 1H), 5.83 (ddt, J = 15.9, 
10.5, 5.2 Hz, 1H), 5.20 (d, J = 17.1 Hz, 1H), 5.14-5.07 (overlap, 2H), 4.97 (ddd, J = 10.2, 
8.1, 3.9 Hz, 1H), 4.48 – 4.36 (m, 2H), 3.72 (s, 3H), 3.64 (s, 3H), 3.36 (dd, J = 13.5, 3.7 
Hz, 1H), 2.70 (dd, J = 13.1, 11.1 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.16, 
155.95, 154.32, 152.77, 143.47, 134.09, 128.79, 127.46, 126.37, 117.02, 97.32, 64.65, 
53.21, 53.15, 51.58, 40.63. IR (thin film, cm-1): 3339, 2917, 1744, 1679, 1632, 1494, 
1252, 1194, 1089, 1030, 762, 752, 697, 669 HRMS m/z 385.1371 (M + Na+). Calc’d for 
C18H22N2O6Na+: 385.1376]. TLC: Rf = 0.65 (5:1 toluene:EtOAc) SMILES: 
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O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OCC=C)=O)C1=CC=CC=C1 
InChI=1S/C18H22N2O6/c1-4-10-26-18(23)20-15(13-8-6-5-7-9-13)11-14(12-16(21)24-
2)19-17(22)25-3/h4-9,12,15H,1,10-11H2,2-3H3,(H,19,22)(H,20,23)/b14-12-/t15-/m0/s1 
 
Methyl (Z)-5-(((benzyloxy)carbonyl)amino)-3-((methoxycarbonyl)amino)-5-
phenylpent-2-enoate. (3.12) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 74 mg, 90% yield 
Physical State: white solid. e.r.: 94:06 [a]D22 = -23 (c = 1.00, CH2Cl2) HPLC Analysis: 
: tr major: 26.635 min., tr minor: 30.706 min., [Chirapak IA column, 24 cm x 4.6 mm 
I.D., Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 
ºC) δ 10.40 (s, 1H), 7.38 – 7.19 (overlap, 10H), 5.10 (s, 1H), 5.04 – 4.93 (overlap, 3H), 
3.71 (s, 3H), 3.64 (s, 3H), 3.36 (dd, J = 13.6, 3.9 Hz, 1H), 2.71 (dd, J = 13.5, 10.8 Hz, 
1H). 13C NMR (126 MHz, DMSO-d6) δ 169.17, 156.17, 154.34, 152.78, 143.47, 137.57, 
128.79, 128.73, 128.15, 127.83, 127.46, 126.39, 97.31, 65.67, 53.20, 51.59, 40.69. IR 
(thin film, cm-1): 3346, 2954, 1742, 1686, 1631, 1495, 1300, 1211, 1190, 1163, 1044, 
1028, 751, 696. 573 HRMS m/z 435.1547 (M + Na+). Calc’d for C22H24N2O6Na+: 
435.1547]. TLC: Rf = 0.65 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OCC1=CC=CC=C1)=O)
C2=CC=CC=C2 InChI=1S/C22H24N2O6/c1-28-20(25)14-18(23-21(26)29-2)13-19(17-
11-7-4-8-12-17)24-22(27)30-15-16-9-5-3-6-10-16/h3-12,14,19H,13,15H2,1-
2H3,(H,23,26)(H,24,27)/b18-14-/t19-/m0/s1 
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Methyl (S,Z)-5-benzamido-3-((methoxycarbonyl)amino)-5-phenylpent-2-enoate. (3.13) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 70 mg, 92% yield 
Physical State: white solid. e.r.: 99:01 [a]D22 = -32 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 33.728 min., tr major: 38.040 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, , 80 ºC) δ 
10.41 (s, 1H), 8.50 (d, J = 8.9 Hz, 1H), 7.80 (d, J = 7.4 Hz, 2H), 7.46 (m, J = 14.3, 7.1 
Hz, 5H), 7.34 (t, J = 7.6 Hz, 2H), 7.24 (t, J = 7.2 Hz, 1H), 5.48 (ddd, J = 10.7, 8.0, 3.7 
Hz, 2H), 5.16 (s, 1H), 3.74 (s, 2H), 3.49 (dd, J = 13.7, 3.8 Hz, 1H), 2.96 (dd, J = 13.5, 
11.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.17, 166.45, 154.71, 152.80, 
143.35, 134.82, 131.75, 128.80, 128.76, 127.64, 127.45, 126.64, 96.98, 53.23, 51.58, 
51.35, 39.88. IR (thin film, cm-1): 3351, 1742, 1629, 1523, 1489, 1268, 1218, 1167, 
1093, 765, 718, 700, 660, 629, 566 HRMS m/z 405.1437 (M + Na+). Calc’d for 
C21H22N2O5Na+: 405.1426]. TLC: Rf = 0.70 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(C1=CC=CC=C1)=O)C2
=CC=CC=C2 InChI=1S/C21H22N2O5/c1-27-19(24)14-17(22-21(26)28-2)13-18(15-9-
5-3-6-10-15)23-20(25)16-11-7-4-8-12-16/h3-12,14,18H,13H2,1-
2H3,(H,22,26)(H,23,25)/b17-14-/t18-/m0/s1 
 
Methyl (S,Z)-3-((tert-butoxycarbonyl)amino)-5-((methoxycarbonyl)amino)-5-
phenylpent-2-enoate. (3.102) 
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Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 65 mg, 86% yield 
Physical State: white solid. e.r.: 94:06 [a]D22 = -15 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 8.961 min., tr major: 11.631 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 254 nm] 1H NMR (400 MHz, DMSO-d6, , 80 ºC) δ 
10.20 (s, 1H), 7.41 – 7.14 (m, 6H), 5.01 (s, 1H), 4.91 (td, J = 10.1, 4.3 Hz, 1H), 3.63 (s, 
3H), 3.48 (s, 3H), 3.32 (dd, J = 13.7, 3.9 Hz, 1H), 2.71 (dd, J = 13.5, 10.2 Hz, 1H), 1.48 
(s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 169.18, 156.62, 154.86, 151.30, 143.67, 
128.77, 128.48, 127.43, 126.40, 96.47, 81.65, 53.27, 51.80, 51.52, 28.15. IR (thin film, 
cm-1): 3369, 2953, 1737, 1706, 1617, 1524, 1495, 1435, 1250, 1223, 1171, 1138, 1041, 
782, 769, 699, 575 HRMS: m/z 401.1670 (M + Na+). Calc’d for C19H26N2O6Na+: 
401.1689]. TLC: Rf = 0.70 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OC(C)(C)C)=O)/C[C@H](N([H])C(OC)=O)C1=CC
=CC=C1 InChI=1S/C19H26N2O6/c1-19(2,3)27-18(24)20-14(12-16(22)25-4)11-15(21-
17(23)26-5)13-9-7-6-8-10-13/h6-10,12,15H,11H2,1-5H3,(H,20,24)(H,21,23)/b14-12-
/t15-/m0/s1 
 
Methyl (S,Z)-3-(((allyloxy)carbonyl)amino)-5-((methoxycarbonyl)amino)-5-
phenylpent-2-enoate. (3.103) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 62 mg, 86% yield 
Physical State: white solid. e.r.: 94:06 [a]D22 = -17 (c = 1.00, CH2Cl2) HPLC Analysis: 
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tr minor: 34.329 min., tr major: 39.045 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80º C) δ 
10.43 (s, 1H), 7.39-7.27 (overlap, 5H), 7.26-7.19 (m, 1H), 6.02 – 5.90 (m, 1H), 5.35 (dq, 
J = 17.3, 1.5 Hz, 1H), 5.26 (dq, J = 10.5, 1.2 Hz, 1H), 5.09 (s, 1H), 4.92 (ddd, J = 10.1, 
8.0, 4.0 Hz, 1H), 4.64 (dt, J = 5.5, 1.3 Hz, 2H), 3.64 (s, 3H), 3.48 (s, 3H), 3.33 (dd, J = 
13.7, 4.0 Hz, 1H), 2.71 (dd, J = 13.6, 10.6 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 
169.17, 156.68, 154.29, 151.97, 143.60, 132.86, 128.76, 127.44, 126.38, 118.66, 97.47, 
66.26, 53.19, 51.81, 51.64, 40.49. IR (thin film, cm-1): 3356, 2953, 1739, 1679, 1631, 
1529, 1249, 1193, 1032, 1019, 782, 726, 697, 599, 574 HRMS m/z 385.1381 (M + Na+). 
Calc’d for C18H22N2O6Na+: 385.1376]. TLC: Rf = 0.55 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OCC=C)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CC
=C1 InChI=1S/C18H22N2O6/c1-4-10-26-18(23)19-14(12-16(21)24-2)11-15(20-
17(22)25-3)13-8-6-5-7-9-13/h4-9,12,15H,1,10-11H2,2-3H3,(H,19,23)(H,20,22)/b14-12-
/t15-/m0/s1 
 
Methyl (S,Z)-3-(((benzyloxy)carbonyl)amino)-5-((methoxycarbonyl)amino)-5-
phenylpent-2-enoate. (3.104) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 82 mg, 99% yield 
Physical State: white solid. e.r.: 91:09 [a]D22 = -8 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr major: 27.936 min., tr minor: 34.938 min., [Chirapak IG-3 column, 4.6 mm x 150 mmL 
I.D., Hexanes:EtOH = 98:02, 2.0 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80º 
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C) δ 10.42 (s, 1H), 7.43 – 7.27 (overlap, 9H), 7.22 (t, J = 6.8 Hz, 2H), 5.20 (s, 2H), 5.10 
(s, 1H), 4.95 (td, J = 9.9, 4.3 Hz, 1H), 3.64 (s, 3H), 3.49 (s, 3H), 3.35 (dd, J = 13.8, 4.2 
Hz, 1H), 2.79 (dd, 14.0, 10.2 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.17, 
156.67, 154.29, 152.15, 143.62, 136.17, 128.99, 128.77, 128.75, 128.58, 127.45, 126.39, 
97.48, 67.33, 64.89, 53.21, 51.82, 51.64. IR (thin film, cm-1): 3350, 2956, 1743, 1681, 
1633, 1531, 1495, 1268, 1250, 1193, 1163, 755, 697, 669, 574 HRMS: m/z 435.1519 (M 
+ Na+). Calc’d for C22H24N2O6Na+: 435.1532]. TLC: Rf = 0.55 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OCC1=CC=CC=C1)=O)/C[C@H](N([H])C(OC)=O)
C2=CC=CC=C2 InChI=1S/C22H24N2O6/c1-28-20(25)14-18(23-22(27)30-15-16-9-5-
3-6-10-16)13-19(24-21(26)29-2)17-11-7-4-8-12-17/h3-12,14,19H,13,15H2,1-
2H3,(H,23,27)(H,24,26)/b18-14-/t19-/m0/s1 
 
Methyl (S,Z)-3-benzamido-5-((methoxycarbonyl)amino)-5-phenylpent-2-enoate. 
(3.105) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 73 mg, 95% yield 
Physical State: white solid. e.r.: 81:19 [a]D22 = -4 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 10.409 min., tr major: 18.007 min., [Chirapak IG-3 column, 4.6 mm x 150 mmL 
I.D., Hexanes:EtOH = 81:19, 1.5 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80 
ºC) δ 11.78 (s, 1H), 7.95 – 7.88 (m, 2H), 7.69 – 7.56 (m, 3H), 7.44 – 7.29 (m, 5H), 7.23 
(t, J = 7.3 Hz, 1H), 5.24 (s, 1H), 5.03 (ddd, J = 10.3, 8.2, 4.0 Hz, 1H), 3.71 (s, 3H), 3.57 
(dd, J = 13.6, 4.0 Hz, 1H), 3.47 (s, 3H), 2.85 (dd, J = 13.5, 10.6 Hz, 1H). 13C NMR (126 
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MHz, DMSO-d6)  δ 169.60, 164.70, 156.73, 154.89, 143.71, 133.84, 133.34, 129.67, 
129.34, 128.78, 128.64, 127.73, 127.43, 126.45, 125.75, 99.47, 53.31, 51.96, 51.81, 
41.31. IR (thin film, cm-1): 3349, 1743, 1630, 1524, 1490, 1268, 1253, 1219, 1168, 
1094, 1062, 765, 677, 661, 548, 518  HRMS m/z 405.1425 (M + Na+). Calc’d for 
C21H22N2O5Na+: 405.1426]. TLC: Rf = 0.60 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(C1=CC=CC=C1)=O)/C[C@H](N([H])C(OC)=O)C2
=CC=CC=C2 InChI=1S/C21H22N2O5/c1-27-19(24)14-17(22-20(25)16-11-7-4-8-12-
16)13-18(23-21(26)28-2)15-9-5-3-6-10-15/h3-12,14,18H,13H2,1-
2H3,(H,22,25)(H,23,26)/b17-14-/t18-/m0/s1 
 
Methyl (S,Z)-3-(4-methoxybenzamido)-5-((methoxycarbonyl)amino)-5-phenylpent-2-
enoate. (3.106) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 80 mg, 96% yield 
Physical State: white solid. e.r.: 88:12 [a]D22 = -10º (c = 1.00, CH2Cl2) HPLC Analysis 
1H NMR (500 MHz, DMSO-d6, 80 ºC) 13C NMR (126 MHz, DMSO-d6)  IR (thin film, 
cm-1): 3342, 2934, 1687, 1663, 1627, 1604, 1534, 1495, 1234, 1165, 1107, 1028, 937, 
920, 840, 758, 777, 721, 699, 689, 670, 633, 617, 598, 569, 507. HRMS m/z 435.1552 
(M + Na+). Calc’d for C22H24N2O6Na+: 435.1532]. TLC: Rf = 0.6 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(C1=CC=C(OC)C=C1)=O)/C[C@H](N([H])C(OC)=
O)C2=CC=CC=C2 InChI=1S/C22H24N2O6/c1-28-18-11-9-16(10-12-18)21(26)23-
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17(14-20(25)29-2)13-19(24-22(27)30-3)15-7-5-4-6-8-15/h4-12,14,19H,13H2,1-
3H3,(H,23,26)(H,24,27)/b17-14-/t19-/m0/s1 
 
Methyl (S,Z)-5-((methoxycarbonyl)amino)-5-phenyl-3-(4-
(trifluoromethyl)benzamido)pent-2-enoate. (3.107) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 83 mg, 92% yield 
Physical State: white solid. e.r.: 75:25 [a]D22 = -6 (c = 1.00, CH2Cl2) HPLC Analysis tr 
major: 19.877 min., tr minor: 29.046 min., [Chirapak IG-3 column, 4.6 mm x 150 mmL 
I.D., Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 
ºC) 11.73 (s, 1H), 8.09 (d, J = 8.2 Hz, 2H), 7.94 (d, J = 8.7 Hz, 2H), 7.44 – 7.39 (m, 2H), 
7.33 (t, J = 7.6 Hz, 2H), 7.23 (t, J = 7.3 Hz, 1H), 5.30 (s, 1H), 5.04 (td, J = 9.8, 4.2 Hz, 
1H), 3.71 (s, 3H), 3.59 – 3.53 (m, 1H), 3.49 (s, 3H), 2.97 – 2.88 (overlap, 1H, H2O). 13C 
NMR (126 MHz, DMSO-d6) δ 169.48, 163.63, 156.73, 154.40, 143.61, 137.65, 132.94, 
132.69, 128.79, 128.69, 127.46, 126.70, 126.46, 125.24, 123.07, 100.39, 53.26, 52.02, 
51.82, 41.24. IR (thin film, cm-1): 3347, 2952, 1690, 1670, 1634, 1532, 1496, 1437, 
1330, 1271, 1241, 1177, 1130, 1111, 1069, 1044, 1016, 935, 915, 861, 830, 767, 695, 
668, 600, 575, 505. HRMS m/z 451.1481 (M + H+). Calc’d for C22H21F3N2O5H+: 
451.1481]. TLC: Rf = 0.6 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(C1=CC=C(C(F)(F)F)C=C1)=O)/C[C@H](N([H])C(
OC)=O)C2=CC=CC=C2 InChI=1S/C22H21F3N2O5/c1-31-19(28)13-17(12-18(27-
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21(30)32-2)14-6-4-3-5-7-14)26-20(29)15-8-10-16(11-9-15)22(23,24)25/h3-
11,13,18H,12H2,1-2H3,(H,26,29)(H,27,30)/b17-13-/t18-/m0/s1 
 
Ethyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-phenylpent-2-enoate. (3.113) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 63 mg, 90% yield 
Physical State: white solid. e.r.: 96:04 [a]D22 = -15 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 18.935 min., tr major: 20.848 min., [Chirapak IG-3 column, 4.6 mm x 150 mmL 
I.D., Hexanes:EtOH = 96:04, 2.0 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80 
ºC) δ 10.41 (s, 1H), 7.39 – 7.18 (overlap, 6H), 5.07 (s, 1H), 4.93 (td, J = 10.1, 3.9 Hz, 
1H), 4.11 (qd, J = 7.1, 1.3 Hz, 2H), 3.72 (s, 2H), 3.32 (dd, J = 13.7, 4.0 Hz, 1H), 2.68 
(dd, J = 13.4, 10.0, 1H), 1.20 (t, J = 7.1 Hz, 2H). 13C NMR (126 MHz, DMSO-d6) δ 
168.78, 156.70, 154.21, 152.77, 143.64, 128.77, 127.43, 126.35, 97.63, 60.19, 53.20, 
51.80, 40.58, 14.52. IR (thin film, cm-1): 3352, 2956, 1746, 1670, 1628, 1530, 1494, 
1253, 1215, 1166, 1086, 1033, 726, 700, 668, 622, 524 HRMS: m/z 373.1374 (M + Na+). 
Calc’d for C17H22N2O6Na+: 373.1376]. TLC: Rf = 0.4 (5:1 toluene:EtOAc) SMILES: 
O=C(OCC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CC=C1 
InChI=1S/C17H22N2O6/c1-4-25-15(20)11-13(18-16(21)23-2)10-14(19-17(22)24-3)12-
8-6-5-7-9-12/h5-9,11,14H,4,10H2,1-3H3,(H,18,21)(H,19,22)/b13-11-/t14-/m0/s1 
 
Isopropyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-phenylpent-2-enoate. (3.114) 
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Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 65 mg, 89% yield 
Physical State: white solid. e.r.: 96:04 [a]D22 = -20 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 41.644 min., tr major: 47.733 min., [Chirapak IG-3 column, 4.6 mm x 150 mmL 
I.D., Hexanes:EtOH = 98:02, 2.0 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80 
ºC) δ 10.45 (s, 1H), 7.47 – 7.28 (overlap, 6H), 7.26 – 7.17 (m, 1H), 5.04 (s, 1H), 4.99 – 
4.88 (overlap, 2H), 3.72 (s, 3H), 3.49 (s, 3H), 3.33 (dd, J = 13.4, 3.9 Hz, 1H), 2.65 (dd, J 
= 13.3, 10.4 Hz, 1H), 1.21 (dd, J = 5.7, 3.4 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 
168.35, 156.75, 154.07, 152.78, 143.63, 128.77, 127.42, 126.33, 98.07, 67.55, 53.18, 
51.78, 40.68, 22.04. IR (thin film, cm-1): 2883, 1790, 1715, 1467, 1359, 1341, 1279, 
1241, 1145, 1103, 1060, 958, 841, 645, 527. HRMS m/z 387.1537 (M + Na+). Calc’d for 
C18H24N2O6Na+: 387.1532]. TLC: Rf = 0.4 (5:1 toluene:EtOAc) SMILES: 
O=C(OC(C)C)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CC=C1 
InChI=1S/C18H24N2O6/c1-12(2)26-16(21)11-14(19-17(22)24-3)10-15(20-18(23)25-
4)13-8-6-5-7-9-13/h5-9,11-12,15H,10H2,1-4H3,(H,19,22)(H,20,23)/b14-11- 
 
Tert-butyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-phenylpent-2-enoate. (3.115) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 76 mg, 86% yield 
Physical State: white solid. e.r.: 99:01 [a]D22 = -28 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 14.662 min., tr major: 22.585 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80 ºC) δ 
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10.20 (s, 1H), 7.38 – 7.27 (m, 5H), 7.25 – 7.19 (m, 1H), 5.01 (s, 1H), 4.91 (ddd, J = 10.0, 
8.2, 4.1 Hz, 1H), 3.63 (s, 3H), 3.48 (s, 3H), 3.32 (dd, J = 13.6, 4.1 Hz, 1H), 2.71 (dd, J = 
13.6, 10.6 Hz, 1H), 1.48 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 169.18, 156.63, 
154.86, 151.30, 143.67, 128.77, 127.43, 126.41, 96.48, 81.64, 81.11, 53.28, 51.79, 51.51, 
40.35, 28.15. IR (thin film, cm-1): 2979, 1743, 1696, 1667, 1631, 1494, 1279, 1252, 
1217, 1193, 1144, 1028, 993, 767, 698, 573 HRMS m/z 401.1696 (M + Na+). Calc’d for 
C19H26N2O6Na+: 401.1689]. TLC: Rf = 0.75 (5:1 toluene:EtOAc) SMILES: 
O=C(OCC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CC=C1 
InChI=1S/C17H22N2O6/c1-4-25-15(20)11-13(18-16(21)23-2)10-14(19-17(22)24-3)12-
8-6-5-7-9-12/h5-9,11,14H,4,10H2,1-3H3,(H,18,21)(H,19,22)/b13-11-/t14-/m0/s1 
 
Benzyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-phenylpent-2-enoate. (3.116) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 75 mg, 91% yield 
Physical State: white solid. e.r.: 95:05 [a]D22 = -20 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 10.123 min., tr major: 16.055 min., [Chirapak IG-3 column, 4.6 mm x 150 mmL 
I.D., Hexanes:EtOH = 98:02, 2.0 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80 
ºC) δ 10.38 (s, 1H), 7.42 – 7.13 (overlap, 10H), 5.23 – 5.05 (overlap, 3H), 4.94 (td, J = 
9.9, 3.9 Hz, 1H), 3.73 (s, 3H), 3.46 (s, 3H), 3.34 (dd, J = 13.6, 4.0 Hz, 1H), 2.71 (dd, J = 
13.4, 10.0, 1H). 13C NMR (126 MHz, DMSO-d6) δ 168.52, 156.72, 154.79, 152.73, 
143.56, 136.49, 128.90, 128.77, 128.55, 128.50, 127.44, 126.36, 97.30, 65.67, 53.24, 
53.20, 51.78, 40.67. IR (thin film, cm-1): 3372, 1749, 1686, 1662, 1626, 1523, 1495, 
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1456, 1383, 1373, 1295, 1254, 1216, 1167, 1086, 1026, 996, 779, 767, 699, 573. HRMS 
m/z 435.1548 (M + Na+). Calc’d for C22H24N2O6Na+: 435.1532]. TLC: Rf = 0.75 (5:1 
toluene:EtOAc) 
SMILES:O=C(OCC1=CC=CC=C1)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)
C2=CC=CC=C2 InChI=1S/C22H24N2O6/c1-28-21(26)23-18(14-20(25)30-15-16-9-5-
3-6-10-16)13-19(24-22(27)29-2)17-11-7-4-8-12-17/h3-12,14,19H,13,15H2,1-
2H3,(H,23,26)(H,24,27)/b18-14- 
 
Allyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-phenylpent-2-enoate. (3.117) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 75 mg, 96:04 e.r. 
Physical State: white solid. e.r.: 96:04 [a]D22 = -23 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 20.212 min., tr major: 32.728 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm]1H NMR (400 MHz, DMSO-d6, 80 ºC) δ 
10.38 (s, 1H), 7.45 – 7.16 (m, 5H), 6.03 – 5.83 (m, 1H), 5.37 – 5.18 (m, 2H), 5.11 (s, 
1H), 5.00 – 4.88 (m, 1H), 4.69 – 4.48 (m, 2H), 3.72 (s, 3H), 3.48 (s, 2H), 3.38 – 3.27 (m, 
1H), 2.70 (td, J = 12.2, 11.5, 3.5 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 168.36, 
156.70, 154.70, 152.73, 143.58, 133.03, 128.78, 127.44, 126.37, 118.28, 97.24, 64.60, 
53.24, 53.20, 51.81, 40.61. IR (thin film, cm-1): 3353, 2954, 1747, 1687, 1671, 1626, 
1530, 1494, 1447, 1254, 1213, 1192, 1043, 763, 698, 599, 572 HRMS m/z 385.1367 (M 
+ Na+). Calc’d for C18H22N2O6Na+: 385.1376]. TLC: Rf = 0.75 (5:1 toluene:EtOAc) 
SMILES: 
  
156 
O=C(OCC=C)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CC=C1 
InChI=1S/C18H22N2O6/c1-4-10-26-16(21)12-14(19-17(22)24-2)11-15(20-18(23)25-
3)13-8-6-5-7-9-13/h4-9,12,15H,1,10-11H2,2-3H3,(H,19,22)(H,20,23)/b14-12-/t15-
/m0/s1 
 
Methyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-(p-tolyl)pent-2-enoate. (3.118) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 66 mg, 91% yield 
Physical State: white solid. e.r.: 98:02 [a]D22 = -27 (c = 1.00, CH2Cl2) HPLC Analysis 
tr minor: 25.322 min., tr major: 34.278 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.39 (s, 1H), 7.28 (s, 1H), 7.23 (d, J = 7.8 Hz, 2H), 7.12 (d, J = 7.8 Hz, 2H), 5.08 (s, 
1H), 4.88 (ddd, J = 10.3, 8.1, 3.2 Hz, 1H), 3.72 (s, 3H), 3.64 (s, 3H), 3.47 (s, 3H), 3.30 
(dd, J = 13.7, 3.5 Hz, 1H), 2.69 (dd, 13.5, 10.5 Hz, 1H), 2.27 (s, 3H). 13C NMR (126 
MHz, DMSO-d6) δ 169.18, 156.64, 154.42, 152.75, 140.68, 136.46, 129.27, 126.28, 
97.22, 53.22, 52.93, 51.77, 51.61, 40.53, 21.09. IR (thin film, cm-1): 3341, 2955, 1746, 
1713, 1688, 1675, 1633, 1534, 1432, 1253, 1201, 1171, 1022, 830, 763, 722, 623, 557, 
521, 506 HRMS m/z 373.1367 (M + Na+). Calc’d for C17H22N2O6Na+: 373.1376]. TLC: 
Rf = 0.3 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=C(C)C=C1 
InChI=1S/C17H22N2O6/c1-11-5-7-12(8-6-11)14(19-17(22)25-4)9-13(10-15(20)23-
2)18-16(21)24-3/h5-8,10,14H,9H2,1-4H3,(H,18,21)(H,19,22)/b13-10-/t14-/m0/s1 
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Methyl (S,Z)-5-(4-chlorophenyl)-3,5-bis((methoxycarbonyl)amino)pent-2-enoate. 
(3.119) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 67 mg, 90% yield 
Physical State: white solid. e.r.: 95:05 [a]D22 = -24 (c = 1.00, CH2Cl2) HPLC Analysis 
tr minor: 47.572 min., tr major: 61.517 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.40 (s, 1H), 7.50 – 7.25 (overlap, 5H), 5.08 (s, 1H), 4.98 – 4.87 (m, 1H), 3.72 (s, 3H), 
3.64 (s, 3H), 3.49 (s, 3H), 3.30 (dd, J = 13.6, 3.2 Hz, 1H), 2.75 – 2.65 (m, 1H). 13C NMR 
(126 MHz, DMSO-d6) δ 169.12, 156.64, 153.98, 152.80, 142.61, 132.02, 128.79, 128.29, 
97.38, 53.26, 52.74, 51.89, 51.65. IR (thin film, cm-1): 3338, 2955, 1755, 1685, 1632, 
1533, 1492, 1438, 1257, 1216, 1150, 1095, 1074, 1043, 1016, 809. 760, 715, 626, 533 
HRMS m/z 393.0836 (M + Na+). Calc’d for C16H19ClN2O6Na+: 393.0829]. TLC: Rf = 
0.5 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=C(Cl)C
=C1 InChI=1S/C16H19ClN2O6/c1-23-14(20)9-12(18-15(21)24-2)8-13(19-16(22)25-
3)10-4-6-11(17)7-5-10/h4-7,9,13H,8H2,1-3H3,(H,18,21)(H,19,22)/b12-9-/t13-/m0/s1 
 
Methyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-(4-methoxyphenyl)pent-2-enoate. 
(3.120) 
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Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 67 mg, 92% yield 
Physical State: white solid. e.r.: 97:03 [a]D22 = -26 (c = 1.00, CH2Cl2) HPLC Analysis 
tr minor: 28.448 min., tr major: 34.658 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.32 (s, 1H), 7.26 (d, J = 8.8 Hz, 2H), 7.11 (d, J = 9.0 Hz, 1H), 6.86 (d, J = 8.7 Hz, 2H), 
5.05 (s, 1H), 4.87 (td, J = 9.8, 4.3 Hz, 1H), 3.74 (s, 3H), 3.71 (s, 3H), 3.64 (s, 3H), 3.48 
(s, 3H), 3.28 (dd, J = 13.7, 4.3 Hz, 1H), 2.74 (dd, J = 13.7, 10.3 Hz, 1H). 13C NMR (126 
MHz, DMSO-d6) δ 169.19, 158.65, 156.62, 154.47, 152.74, 135.66, 127.51, 114.11, 
109.98, 97.16, 55.50, 53.21, 52.66, 51.76, 51.61, 40.60. IR (thin film, cm-1): 2954, 1745, 
1702, 1673, 1621, 1550, 1442, 1383, 1334, 1301, 1210, 1116, 1036, 801, 763, 550 
HRMS m/z 389.1325 (M + Na+). Calc’d for C17H22N2O7Na+: 389.1325]. TLC: Rf = 0.5 
(5:1 toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=C(OC)C=C1 
InChI=1S/C17H22N2O7/c1-23-13-7-5-11(6-8-13)14(19-17(22)26-4)9-12(10-15(20)24-
2)18-16(21)25-3/h5-8,10,14H,9H2,1-4H3,(H,18,21)(H,19,22)/b12-10-/t14-/m0/s1 
 
Methyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-(3-methoxyphenyl)pent-2-enoate. 
(3.121) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 62 mg, 85% yield. 
Physical State: white solid. e.r.:= 95:05 [a]D22 = -20 (c = 1.00, CH2Cl2) HPLC Analysis 
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tr minor: 24.764 min., tr major: 32.876 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.38 (s, 1H), 7.39-7.29 (m, 1H), 7.26 – 7.19 (m, 1H), 6.93 (d, J = 7.8 Hz, 2H), 6.80 
(ddd, J = 8.2, 2.4, 1.0 Hz, 1H), 5.08 (s, 1H), 4.89 (td, J = 10.0, 4.0 Hz, 1H), 3.74 (d, J = 
10.6 Hz, 6H), 3.64 (s, 3H), 3.49 (s, 3H), 3.31 (dd, J = 13.6, 3.9 Hz, 1H), 2.69 (dd, J = 
13.4, 10.9 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.17, 159.70, 156.67, 154.30, 
152.75, 145.27, 129.85, 118.66, 112.49, 112.34, 97.25, 55.43, 53.22, 53.16, 51.83, 51.62, 
40.53. IR (thin film, cm-1): 3341, 2957, 1744, 1677, 1633, 1530, 1487, 1438, 1296, 
1257, 1211, 1192, 1153, 1042, 931, 762, 697, 626, 557 HRMS m/z 389.1344 (M + Na+). 
Calc’d for C17H22N2O7Na+: 389.1325]. TLC: Rf = 0.4 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC(OC)=CC=C1 
InChI=1S/C17H22N2O7/c1-23-13-7-5-6-11(8-13)14(19-17(22)26-4)9-12(10-15(20)24-
2)18-16(21)25-3/h5-8,10,14H,9H2,1-4H3,(H,18,21)(H,19,22)/b12-10-/t14-/m0/s1 
 
Methyl (S,Z)-5-(2-chlorophenyl)-3,5-bis((methoxycarbonyl)amino)pent-2-enoate. 
(3.122) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 55.5 mg, 75% yield 
Physical State: yellow solid. e.r.: 95:05  [a]D22 = -19 (c = 1.00, CH2Cl2) HPLC 
Analysis tr minor: 16.545 min., tr major: 22.567 min., [Chirapak IA column, 24 cm x 4.6 
mm I.D., Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 
80 ºC) 10.38 (s, 1H), 7.46 (d, J = 7.5 Hz, 1H), 7.23 – 7.15 (overlap, 3H), 5.05 (s, 1H), 
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4.96 (td, J = 10.0, 4.0 Hz, 1H), 3.77 (s, 3H), 3.63 (s, 3H), 3.51 (s, 3H), 3.33 (dd, J = 13.0, 
4.0 Hz, 1H), 2.73 (dd, J = 13.5, 11.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) ) δ 
170.7, 155.9, 156.62, 150.80, 148.30, 143.53, 132.24, 128.63, 128.52, 128.12, 126.67, 
86.4, 52.24, 52.21, 52.02, 48.87, 46.34. IR (thin film, cm-1): 3347, 2954, 1726, 1679, 
1632, 1506, 1440, 1264, 1224, 1193, 1170, 1090, 1036, 816, 757, 550. HRMS m/z 
393.0831 (M + Na+). Calc’d for C16H19ClN2O6Na+: 393.0829]. TLC: Rf = 0.71 (5:1 
toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=C(Cl)C=CC=C1 
InChI=1S/C16H19ClN2O6/c1-23-14(20)9-10(18-15(21)24-2)8-13(19-16(22)25-3)11-6-
4-5-7-12(11)17/h4-7,9,13H,8H2,1-3H3,(H,18,21)(H,19,22)/b10-9-/t13-/m0/s1 
 
Methyl (S,Z)-5-(((allyloxy)carbonyl)amino)-3-((methoxycarbonyl)amino)-5-(o-
tolyl)pent-2-enoate. (3.123) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield:  Physical State: 
white solid. e.r.: 95:05 [a]D22 = -24 (c = 1.00, CH2Cl2)  HPLC Analysis tr minor: 22.540 
min., tr major: 26.655 min., [Chirapak IA column, 24 cm x 4.6 mm I.D., Hexanes:EtOH 
= 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 10.31 (s, 1H), 
7.40 (d, J = 7.5 Hz, 1H), 7.25 – 7.03 (overlap, 4H), 5.94 – 5.75 (m, 1H), 5.23 – 5.06 
(overlap, 3H), 4.47 – 4.31 (m, 2H), 3.69 (s, 2H), 3.63 (s, 3H), 3.21 (dd, J = 13.9, 4.6 Hz, 
1H), 2.91 (dd, J = 13.8, 10.0 Hz, 1H), 2.35 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 
169.15, 155.81, 154.38, 152.77, 141.86, 135.27, 134.07, 130.42, 127.36, 126.60, 126.45, 
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117.11, 97.48, 64.66, 53.13, 51.55, 49.10, 39.39, 19.22. IR (thin film, cm-1): 3336, 2953, 
1746, 1723, 1678, 1628, 1496, 1439, 1384, 1324, 1255, 1221, 1191, 1166, 1090, 1039, 
995, 967, 931, 813, 766, 754, 727, 661, 607.  HRMS m/z 399.1527 (M + Na+). Calc’d for 
C19H24N2O6Na+: 399.1532]. TLC: Rf = 0.6 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OCC=C)=O)C1=C(C)C=
CC=C1 InChI=1S/C19H24N2O6/c1-5-10-27-19(24)21-16(15-9-7-6-8-13(15)2)11-
14(12-17(22)25-3)20-18(23)26-4/h5-9,12,16H,1,10-11H2,2-
4H3,(H,20,23)(H,21,24)/b14-12-/t16-/m0/s1 
 
Methyl (S,Z)-3,5-bis((methoxycarbonyl)amino)-5-(thiophen-2-yl)pent-2-enoate. (3.124) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 60 mg, 87% yield 
Physical State: white solid. e.r.: 95:05 [a]D22 = -22 (c = 1.00, CH2Cl2) HPLC Analysis: 
tr minor: 36.783 min., tr major: 84.418 min., [Chirapak AD-H column, 24 cm x 4.6 mm 
I.D., Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (400 MHz, DMSO-d6, 80 
ºC) δ 10.38 (s, 1H), 7.45 – 7.28 (m, 2H), 7.03 – 6.88 (m, 2H), 5.16 (ddd, J = 10.1, 8.2, 
4.0 Hz, 1H), 5.08 (s, 1H), 3.71 (s, 3H), 3.64 (s, 3H), 3.55 – 3.45 (overlap, 4H), 2.79 (dd, 
13.1, 10.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.13, 156.73, 153.75, 152.79, 
147.12, 127.29, 124.89, 124.10, 97.41, 53.22, 51.95, 51.63, 49.36. IR (thin film, cm-1): 
3326, 2957, 1743, 1686, 1674, 1630, 1526, 1493, 1441, 1284, 1252, 1198, 1072, 1033, 
1017, 761, 701, 605 HRMS m/z 365.0793 (M + Na+). Calc’d for C14H18N2O6SNa+: 
365.0783]. TLC: Rf = 0.45 (5:1 toluene:EtOAc) SMILES: 
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O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CS1 
InChI=1S/C14H18N2O6S/c1-20-12(17)8-9(15-13(18)21-2)7-10(16-14(19)22-3)11-5-4-
6-23-11/h4-6,8,10H,7H2,1-3H3,(H,15,18)(H,16,19)/b9-8-/t10-/m0/s1 
 
Methyl (S,2Z,6E)-3,5-bis((methoxycarbonyl)amino)-7-phenylhepta-2,6-dienoate. 
(3.126) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: Physical State: 
white solid. e.r.: 96:04 [a]D22 = -23 (c = 1.00, CH2Cl2) HPLC Analysis tr minor: 36.783 
min., tr major: 84.418 min., [Chirapak AD-H column, 24 cm x 4.6 mm I.D., 
Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 
10.33 (s, 1H), 7.38 – 7.28 (overlap, 4H), 7.24 – 7.19 (m, 1H), 6.88 (d, J = 7.6 Hz, NH), 
6.50 (d, J = 16.1 Hz, 1H), 6.21 (dd, J = 16.0, 6.3 Hz, 1H), 5.07 (s, 1H), 4.57 – 4.44 (m, 
1H), 3.70 (s, 3H), 3.64 (s, 3H), 3.53 (s, 3H), 3.25 (dd, J = 13.6, 4.8 Hz, 1H), 2.70 (dd, J = 
13.6, 9.4 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.15, 156.69, 154.45, 152.73, 
136.73, 130.81, 129.42, 129.09, 128.01, 126.69, 109.99, 97.06, 53.14, 51.80, 51.54, 
38.53. IR (thin film, cm-1): 3329, 2954, 1711, 1690, 1509, 1499, 1449, 1358, 1298, 
1237, 1161, 1070, 969, 751, 695, 556. HRMS m/z 431.1588 (M + Na+). Calc’d for 
C23H24N2O5Na+: 431.1583]. TLC: Rf = 0.7 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)/C=C/C1=CC=CC=C1 
InChI=1S/C18H22N2O6/c1-24-16(21)12-15(20-18(23)26-3)11-14(19-17(22)25-2)10-9-
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13-7-5-4-6-8-13/h4-10,12,14H,11H2,1-3H3,(H,19,22)(H,20,23)/b10-9+,15-12-/t14-
/m1/s1 
 
Methyl (S,Z)-5-(((allyloxy)carbonyl)amino)-3-((tert-butoxycarbonyl)amino)-5-(m-
tolyl)pent-2-enoate. (3.129) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 71 mg, 85% yield 
Physical State: white solid. e.r.: 95:05 [a]D22 = -26 (c = 1.00, CH2Cl2) HPLC Analysis 
tr minor: 9.805 min., tr major: 13.283 min., [Chirapak IG-3 column, 12 cm x 4.6 mm 
I.D., Hexanes:EtOH = 98:02, 2.0 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 
ºC) δ 10.20 (s, 1H), 7.36 (s, 1H), 7.24 – 7.11 (overlap, 3H), 7.07 – 6.98 (m, 2H), 5.89 – 
5.77 (m, 1H), 5.24 – 5.07 (overlap, 2H), 5.03 (s, 1H), 4.96 – 4.84 (m, 1H), 4.48 – 4.33 
(m, 2H), 3.63 (s, 3H), 3.33 (dd, J = 13.4, 3.5 Hz, 1H), 2.69 (dd, J = 13.0, 10.5 Hz, 1H), 
2.29 (s, 3H), 1.47 (s, 9H). 13C NMR (126 MHz, DMSO-d6) δ 169.18, 155.86, 154.94, 
151.29, 143.52, 137.77, 134.15, 128.70, 128.07, 126.97, 123.61, 116.95, 96.46, 81.62, 
65.41, 64.59, 53.14, 51.48, 28.16, 21.62. IR (thin film, cm-1): 3340, 2925, 1740, 1694, 
1628, 1491, 1436, 1368, 1250, 1229, 1150, 1038, 772, 702, 554 HRMS m/z 441.1990 (M 
+ Na+). Calc’d for C22H30N2O6Na+: 441.2002]. TLC: Rf = 0.6 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)/C=C(N([H])C(OC(C)(C)C)=O)/C[C@H](N([H])C(OCC=C)=O)C1
=CC(C)=CC=C1 InChI=1S/C22H30N2O6/c1-7-11-29-20(26)24-18(16-10-8-9-15(2)12-
16)13-17(14-19(25)28-6)23-21(27)30-22(3,4)5/h7-10,12,14,18H,1,11,13H2,2-
6H3,(H,23,27)(H,24,26)/b17-14-/t18-/m0/s1 
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Benzyl (S,Z)-5-(((allyloxy)carbonyl)amino)-3-((methoxycarbonyl)amino)-5-(m-
tolyl)pent-2-enoate. (3.130) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 81 mg, 90% yield 
Physical State: white solid. e.r.: 98:02 [a]D22 = -30 (c = 1.00, CH2Cl2) HPLC Analysis 
tr minor: 13.225 min., tr major: 17.183 min., [Chirapak IG-3 column, 12 cm x 4.6 mm 
I.D., Hexanes:EtOH = 98:02, 2.0 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 
ºC) δ 10.40 (s, 1H), 7.46 – 7.27 (overlap, 4H), 7.26 – 7.12 (overlap, 3H), 7.07 – 6.96 (m, 
2H), 5.88 – 5.73 (m, 1H), 5.33 – 5.03 (overlap, 5H), 4.93 (t, J = 9.9 Hz, 1H), 4.45 – 4.30 
(m, 2H), 3.72 (s, 3H), 3.41 – 3.27 (m, 1H), 2.75 – 2.61 (m, 1H), 2.29 (s, 3H). 13C NMR 
(126 MHz, DMSO-d6) δ 168.54, 155.92, 154.85, 152.71, 143.42, 137.80, 136.47, 134.08, 
128.90, 128.71, 128.56, 128.54, 128.07, 126.94, 123.49, 116.98, 97.28, 65.69, 64.59, 
53.24, 53.02, 21.60. IR (thin film, cm-1): 3300, 2954, 1746, 1691, 1634, 1497, 1455, 
1300, 1219, 1169, 1017, 990, 974, 919, 800, 757, 725, 700, 668, 603, 558 HRMS m/z 
475.1825 (M + Na+). Calc’d for C25H28N2O6Na+: 475.1845]. TLC: Rf = 0.6 (5:1 
toluene:EtOAc) 
SMILES:O=C(OCC1=CC=CC=C1)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OCC=C
)=O)C2=CC(C)=CC=C2 InChI=1S/C25H28N2O6/c1-4-13-32-25(30)27-22(20-12-8-9-
18(2)14-20)15-21(26-24(29)31-3)16-23(28)33-17-19-10-6-5-7-11-19/h4-
12,14,16,22H,1,13,15,17H2,2-3H3,(H,26,29)(H,27,30)/b21-16-/t22-/m0/s1 
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Tert-butyl (S,Z)-3-(((allyloxy)carbonyl)amino)-5-((methoxycarbonyl)amino)-5-
(thiophen-2-yl)pent-2-enoate. (3.131) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 70 mg, 85% yield 
Physical State: white solid. e.r.: 94:06 [a]D22 = -20 (c = 1.00, CH2Cl2) HPLC Analysis 
tr minor: 21.075 min., tr major: 31.933 min., [Chirapak IG-3 column, 12 cm x 4.6 mm 
I.D., Hexanes:EtOH = 98:02, 2.0 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 
ºC) δ 10.37 (s, 1H), 7.45 – 7.28 (m, 2H), 7.03 – 6.88 (m, 2H), 5.16 (ddd, J = 10.1, 8.2, 
4.0 Hz, 1H), 5.08 (s, 1H), 3.71 (s, 3H), 3.64 (s, 3H), 3.55 – 3.45 (overlap, 4H), 2.79 (dd, 
13.1, 10.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.18, 155.86, 154.94, 151.29, 
143.52, 137.77, 134.15, 128.70, 128.07, 126.97, 123.61, 116.95, 96.46, 81.62, 65.41, 
64.59, 53.14, 51.48, 28.16, 21.62. IR (thin film, cm-1): 3301, 2955, 1746, 1690, 1634, 
1497, 1455, 1275, 1218, 1168, 1078, 1021. 990, 974, 757, 724, 697, 668, 603, 558 
HRMS m/z 411.1597 (M + H+). Calc’d for C19H26N2O6H+: 411.1590]. TLC: Rf = 0.6 
(5:1 toluene:EtOAc) 
SMILES:O=C(OC(C)(C)C)/C=C(N([H])C(OCC=C)=O)/C[C@H](N([H])C(OC)=O)C1
=CC=CS1 InChI=1S/C19H26N2O6S/c1-6-9-26-18(24)20-13(12-16(22)27-19(2,3)4)11-
14(21-17(23)25-5)15-8-7-10-28-15/h6-8,10,12,14H,1,9,11H2,2-
5H3,(H,20,24)(H,21,23)/b13-12-/t14-/m0/s1 
 
Methyl (S,Z)-5-(furan-2-yl)-3,5-bis((methoxycarbonyl)amino)pent-2-enoate. (3.132) 
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Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: 55 mg, 84% yield 
Physical State: white solid. e.r.: 97:03 [a]D22 = -26 (c = 1.00, CH2Cl2) HPLC Analysis 
tr minor:  40.472 min., tr major: 31.766 min., [Chirapak IE-3 column, 24 cm x 4.6 mm 
I.D., Hexanes:EtOH = 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 
ºC) δ 10.37 (s, 1H), 7.45 – 7.28 (m, 2H), 7.03 – 6.88 (m, 2H), 5.16 (ddd, J = 10.1, 8.2, 
4.0 Hz, 1H), 5.08 (s, 1H), 3.71 (s, 3H), 3.64 (s, 3H), 3.55 – 3.45 (overlap, 4H), 2.79 (dd, 
13.1, 10.0 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 169.18, 155.86, 154.94, 151.29, 
143.52, 137.77, 134.15, 128.70, 128.07, 126.97, 123.61, 116.95, 96.46, 81.62, 65.41, 
64.59, 53.14, 51.48, 28.16, 21.62. IR (thin film, cm-1): 3330, 2956, 2923, 1748, 1726, 
1680, 1634, 1504, 1441, 1286, 1261, 1224, 1194, 1172, 1090, 1039, 1012, 800, 770, 739, 
722, 600. HRMS m/z 349.1012 (M + Na+). Calc’d for C14H18N2O7Na+: 349.1010]. TLC: 
Rf = 0.3 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OC)=O)C1=CC=CO1 
InChI=1S/C14H18N2O7/c1-20-12(17)8-9(15-13(18)21-2)7-10(16-14(19)22-3)11-5-4-6-
23-11/h4-6,8,10H,7H2,1-3H3,(H,15,18)(H,16,19)/b9-8-/t10-/m0/s1 
 
Benzyl (S,Z)-5-(((allyloxy)carbonyl)amino)-3-((methoxycarbonyl)amino)-5-(o-
tolyl)pent-2-enoate. (3.133) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 9:1 toluene:EtOAc. Yield: Physical State: 
white solid. e.r.: 95:05 [a]D22 = -22 (c = 1.00, CH2Cl2) HPLC Analysis tr minor:  39.556 
min., tr major: 30.877 min., [Chirapak IE-3 column, 24 cm x 4.6 mm I.D., Hexanes:EtOH 
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= 98:02, 1.5 mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 10.33 (s, 1H), 
7.45 – 6.99 (overlap, 10H), 5.80 (ddt, J = 21.2, 10.6, 5.3 Hz, 1H), 5.25 – 5.06 (overlap, 
4H), 4.48 – 4.32 (m, 2H), 3.70 (s, 3H), 3.23 (dd, J = 13.8, 4.6 Hz, 1H), 2.94 – 2.88 (m, 
1H), 2.35 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 168.53, 155.81, 154.83, 152.74, 
141.84, 136.46, 135.26, 134.03, 130.61, 130.42, 128.89, 128.76, 128.68, 128.63, 128.53, 
128.02, 127.94, 127.52, 127.37, 126.62, 126.45, 117.10, 97.49, 65.68, 64.63, 53.16, 
49.97, 49.10, 19.22. IR (thin film, cm-1): 3359, 2956, 1745, 1718, 1673, 1627, 1497, 
1455, 1389, 1253, 1216, 1159, 1090, 1037, 1003, 814, 752, 698, 662, 607, 582, 499, 471. 
HRMS m/z 475.1929 (M + Na+). Calc’d for C25H28N2O6Na+: 475.1923]. TLC: Rf = 0.6 
(5:1 toluene:EtOAc) 
SMILES:O=C(OCC1=CC=CC=C1)/C=C(N([H])C(OC)=O)/C[C@H](N([H])C(OCC=C
)=O)C2=C(C)C=CC=C2 InChI=1S/C25H28N2O6/c1-4-14-32-25(30)27-22(21-13-9-8-
10-18(21)2)15-20(26-24(29)31-3)16-23(28)33-17-19-11-6-5-7-12-19/h4-13,16,22H,1,14-
15,17H2,2-3H3,(H,26,29)(H,27,30)/b20-16-/t22-/m0/s1 
General Procedure for the asymmetric hydrogenation  
 
The enamine amine (0.15 mmol) was added to a reactor with catalyst (0.015 mmol) with 
ligand (0.030 mmol) and then dissolved with a 1:1 mixture of EtOAc:EtOH. The reaction 
is then purged with hydrogen (3x). The reaction is then put under the desired high 
pressure and let stir at room temperature for 24-48 hours. The reaction was monitored via 
UPLC. Once the reaction was complete it is then diluted with DCM and washed with 
water and brine. The organic layers are then combined and concentrated in vacuo and 
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then purified via flash column chromatography (99:1 DCM:MeOH) to afford a viscous 
oil. When it’s a mixture of diastereomers, diastereomers are separable affording both 
separate diastereomers for analytical analysis.  
Methyl (5S)-3,5-bis((methoxycarbonyl)amino)-5-phenylpentanoate. (3.135) 
 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 99:1 DCM:MeOH. 
Yield: 67.6 mg, >99% yield. Physical State: viscous oil. 1H NMR (500 MHz, DMSO-
d6, 80 ºC) δ 7.38 – 7.10 (overlap, 6H), 6.64 (d, J = 7.2 Hz, 1H), 4.57 (q, J = 7.6 Hz, 1H), 
3.69 (qd, J = 8.4, 4.5 Hz, 1H), 3.54 (d, J = 6.4 Hz, 3H), 3.50 (s, 3H), 2.50 – 2.47 (m, 1H), 
2.44 (d, J = 6.5 Hz, 1H), 2.04 – 1.82 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 171.40, 
156.39, 156.36, 143.81, 129.34, 128.64, 128.63, 127.29, 126.99, 126.96, 125.75, 52.52, 
51.72, 51.69, 46.04, 41.19, 40.20, 21.49. HRMS m/z 339.1564 (M + H+). Calc’d for 
C16H22N2O6H+: 339.1556]. TLC: Rf = 0.6 (5:1 toluene:EtOAc) SMILES: 
COC(CC(NC(OC)=O)CC(NC(OC)=O)C1=CC=CC=C1)=O 
InChI=1S/C16H22N2O6/c1-22-14(19)10-12(17-15(20)23-2)9-13(18-16(21)24-3)11-7-
5-4-6-8-11/h4-8,12-13H,9-10H2,1-3H3,(H,17,20)(H,18,21) 
 
CHAPTER FOUR.   Synthesis of 1,2-Diamines via an Asymmetric Mannich 
Reaction using Latent Nucleophiles and Acyl Imines. 
 
4.1 Introduction 
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 The success of the asymmetric synthesis of 1,3-diamines by a chiral phosphoric 
acid-catalyzed Mannich reaction encouraged us to expand the substrate scope to include 
other carbamate-containing nucleophiles to access other diamines. We postulate that 
when using methyl carbamate protected glycinate derivatives 4.1 in the presence of acyl 
imine 4.2 and a catalytic amount of chiral phosphoric acid will lead to the formation of a 
chiral hemiaminal ether 4.3. Subsequent stereoselective intramolecular rearrangement 
should occur via a tautomer formation/nucleophilic addition sequence to directly form the 
chiral 1,2-diamine or vicinal diamines 4.4. Due to the stereoselectivity of the 
rearrangement, we are expecting to also have complete diastereoselectivity in the 
formation of the 1,2-diamine 4.4 as the second chiral center depends on the chiral center 
present in the chiral hemiaminal ether 4.3. Similar to the previously mentioned method, 
the highly functionalized nature of the starting materials give access to an expansive 
substrate pool. Herein, an enantioselective and diastereoselective strategy to access chiral 
vicinal diamines 4.4 is accessible based on our previous observation n asymmetric 
Mannich reaction. (Figure 4.1) 
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Figure 4.1. Asymmetric Mannich reaction to afford 1,2-diamines. 
 
4.2 Background 
 
Interest in the synthesis of chiral vicinal diamines stems from its presence in 
many natural products and pharmaceuticals with interesting biological properties, as well 
as in ligands for asymmetric metal mediated catalysis and organocatalysts. (Figure 4.2) 
These ligands have been applied in a broad range of different enantioselective 
transformations, including oxidations, reductions, oxirane ring openings and different 
types of carbon-carbon bond-forming reactions. 
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Figure 4.2. Synthetic application of 1,2-diamines. 
 
Consequently, the development of efficient synthetic routes for chiral subunits is 
of great interest. Despite their extensive utility, the development of new methods for the 
efficient preparation of vicinal diamines remains a significant and important challenge. 
Common ways in which these are typically made are by the diamination of a,b-
unsaturated acid derivatives generating simultaneously two consecutive stereocenters. 
Muñiz and coworkers developed an efficient diamination of acryloyl oxazolidinones 4.13 
using stoichiometric amount of a bisimido osmium reagent as the nitrogen source with 
catalytic amount of a TiIV-TADDOL complex.156,157 The use of stoichiometric amounts of 
the osmium reagents severely limits this method in large scale. Another way to make 1,2-
diamines is by the hydrogenation of a,b-bis-(amido)-acrylates 4.14.146,158 This method is 
highly atom-economical amenable to production scale. However, this method is limited 
in the preparation of products with tetrasubstituted carbon stereocenter. Both 
aforementioned methods’ starting materials contain an alkene that dictates the final anti- 
or syn-configuration of the 1,2-diamine depending on the Z or E configuration of the 
double bond. 
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An obvious method in which the construction of these diamines could be 
envisioned by performing Mannich reaction in which a C-C bond is directly formed when 
an amino containing nucleophile could be added to an imine.159,160 This method has been 
extensively studied recently by two separate approaches; (i) a Mannich addition onto 
imines 4.2 using glycinate derivatives 4.15 and (ii) the aza-Henry reaction between nitro 
compounds 4.16 and imines 4.2. In both cases the enantioselectivity is introduced by a 
chiral catalyst used to promote the reaction. Many methods have included using Brønsted 
base catalysts as ways to control the C-C bond formation via activation of the substrates 
and causing a chiral ion pair or hydrogen bonding network which dictates the 
enantioselectivity of the reactions. Due to our use of glycine derivatives for our synthesis 
of 1,2-diamines a short review on Mannich reactions involving glycine derivatives to 
make imines. Arrayas and Carreteros have published an extensive review on the synthesis 
of vicinal diamines which include an extensive study on methods to make 1,2-diamines 
via the aza-Henry method.161 
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Figure 4.3. Common synthetic strategies to form chiral 1,2-diamines.  
 
Brønsted Base-Catalyzed Asymmetric Mannich Reactions 
 
 Glycine derivatives are useful starting materials for the synthesis of a-amino acid 
derivatives. For example, benzophenone imines of glycine esters 4.15, which were 
introduced by O’Donnell and Eckrich in 1978,162 have been used for multiple syntheses 
of achiral a-amino acid.163–165 The method in which these glycine derivatives work is 
upon deprotonation an a-anion is formed and stabilized by the aromatic groups. 
Structural variants of these glycine derivatives have been formed to further stabilize that 
a-anion, including the fluorenone imine alternatives 4.17 and 4.18 which is stabilized by 
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resonance involving the 14p electrons of the aromatic fluorene moiety (Figure 4.4). It 
was postulated that these stabilized glycine nucleophiles could in turn perform a Mannich 
addition onto imines to afford vicinal diamines. 
 
 
 
Figure 4.4. Common glycine derivatives and the resonance structure of the a anions of such compounds 
 
Many asymmetric Mannich reactions involving glycinates have been previously 
published,166 including the first asymmetric example by Jørgenson and coworkers in 
2003,167 but most of these methods involve metal catalysis or the use of phase-transfer-
catalysts (PTC).166–172 There aren’t many examples of Brønsted acid/base catalyzed 
asymmetric Mannich reaction. Kobayashi and coworker notably reported a Brønsted 
base-catalyzed asymmetric Mannich reaction when using the fluorenone imine of glycine 
ester 4.17 and tert-butyl carbamate imine 4.19 catalyzed by the guanidine base catalyst 
4.20 to afford 1,2-diamines 4.21.173 The reason for the use of the fluorenone imine 
glycine 4.17 is that it displays a higher reactivity than the corresponding benzophenone 
imines 4.15. The mechanism of the reaction was proposed to be deprotonation of the 
glycine derivative using the guanidine catalyst forming a nucleophilic chiral ion pair. 
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This will then add onto the acyl imine forming the expected 1,2-diamine. The reaction 
proved to be general enough to produce aromatic, hetereoaromatic and aliphatic 
enantioenriched 1,2-diamines in high yields and excellent syn-diastereo- and 
enantioselectivity. (Figure 4.4) Additionally, the fluorenone imine moiety is readily 
hydrolyzed in high yield under mildly acidic conditions without affecting the tert-butyl 
carbamate moiety.  
 
Figure 4.4. Brønsted base-catalyzed Mannich-type reaction using glycine derivatives and the proposed 
mechanism. (Kobayashi, 2008) 
Another Brønsted base-catalyzed Mannich reaction was reported by Barbas and 
workers in 2009.174 Instead of using the tert-butyl carbamate imine, they used the more 
stable tert-butyl-a-amido-sulfone 4.23 as the electrophile and optimized a reaction to be 
catalyzed by the cinchona alkaloid thiourea 4.24 in the presence of a Na2CO3 to facilitate 
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the in-situ imine formation to for the syn-1,2-diamine 4.25 with high yields and 
selectivity. The mechanism is similar to that proposed by Koboyashi, where the catalyst 
deprotonates the benzophenone imine glycine derivative to activate the system. Although, 
an apparent improvement in methodology was observed in the sense that the bench-stable 
a-amido-sulfone which allows for a more expansive substrate scope. (Figure 4.5a) 
Building off of Barbas’ work, Lambert and coworkers developed another synthesis of 
syn-1,2-diamines 4.27 involving a Brønsted base 4.26, glycine derivative 4.22 and the 
tert-butyl carbamate imine. 4.19 They reported a novel cyclopropenimine catalyst 4.26 in 
previous studies.175 They then went to apply this catalyst to a Mannich addition yielding 
the chiral syn-1,2-diamine 4.27 with a high substrate tolerability.176 (Figure 4.5b)  
 
 
Figure 4.5. a. Enantioselective cinchona alkaloid thiourea-catalyzed Mannich reaction. b. Enantioselective 
cyclopropenimine-catalyzed Mannich reaction.  
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Significant efforts have been placed in the synthesis of chiral 1,2-diamines via a 
Brønsted base-catalyzed Mannich reaction. However, to our knowledge, there aren’t any 
examples of asymmetric Mannich reactions catalyzed by Brønsted acids involving 
glycine derivatives to make 1,2-diamines. Henceforth, we postulate that our established 
Mannich reactivity will allow us to develop an optimized method to make 1,2-diamine 
using chiral phosphoric acids.  
 
4.3 Results and Discussion 
 
Application of the 1,3-diamine methodology 
 
 
 
Figure 4.6. Application of the previously established asymmetric Mannich Reaction.  
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 In attempts to simply apply the same methodology previously optimized for the 
1,3-diamine previously explained, the glycine derivative 4.32 was synthesized and 
exposed to the reaction conditions with methyl carbamate imine 4.28 and the chiral 
phosphoric acid 4.30 in order to achieve the desired 1,2-diamine 4.33. (Figure 4.6.) 
Unfortunately, no product was observed and only the reactants were collected after the 
quenching of the reaction. It is postulated that the addition of the HCl proved to be too 
acidic for the reaction causing the hemiaminal ether to undergo a retro-Mannich reaction. 
A second reaction was attempted but using the harsher conditions used in our previously 
reported asymmetric Mannich reaction. The starting materials were stirred with chiral 
phosphoric acid for 36 hours. Complete consumption of the starting materials was 
observed but no desired product was observed but what was seen was the hemiaminal 
ether intermediate with 93% yield and a 51:49 e.r. (Figure 4.7) 
 
 
 
Figure 4.7. Proof-of-concept towards the synthesis of 1,2-diamines.  
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Preliminary Results 
 
 These results were promising and due to our established reactivity, it was decided 
to further optimize the formation of the hemiaminal ether. As shown in Table 4.1, we 
performed a condition screen on three different glycine derivatives and upon cooling to -
35 ºC in toluene for 2 h obtained a near quantitative yield with a 98:02 e.r. for both the 
benzyl 4.32 and ethyl 4.35 ester glycinates and a 71:29 e.r. for the phenyl ketone 4.36 
derivative using catalyst 4.30. After these conditions were found, the rearrangement 
conditions were then investigated.  
 
 
 
Entrya Glycine Solvent Temp. Time Yieldb e.r.c 
1 4.32 C6H5CF3 r.t. 36 h. 93% 51:49 
2 4.32 C6H5CF3 r.t. 12 h. 90% 55:45 
3 4.32 C6H5CF3 r.t. 2 h. 73% 80:20 
4 4.32 C6H5CF3 r.t. 1 h 68% 83:17 
5 4.32 C6H5CF3 0 ºC 2 h. 73% 83:17 
6 4.32 C6H5CH3 -10 ºC 2 h. 85% 86:14 
7 4.32 C6H5CH3 -35 ºC 2 h. 91% 98:02 
8 4.35 C6H5CH3 -35 ºC 2 h. 93% 98:02 
9 4.36 C6H5CH3 -35 ºC 2 h. 90% 71:29 
aReaction conditions: Glycinate (0.5 mmol) and catalyst (0.05 mmol) was added to a 
microwave tube and dissolved in solvent (0.3 M). The imine (0.5 mmol) was added to 
reaction mixture and let stir under argon. bIsolated yields. cDetermined by chiral HPLC. 
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Table 4.1. Optimization of the hemiaminal ether.  
 
It was very apparent that the hemiaminal ether 4.37, is more stable than the 
hemiaminal ether prepared in our previous method. It became obvious to us that the only 
way this intermediate would form the diamine 4.33 it would be activation by an 
exogenous case and the catalyst conjugate was not basic enough to deprotonate the 
hemiaminal ether. Then we screened various bases to facilitate the deprotonation to 
activate the system to do the rearrangement. Both hard and soft enolization conditions 
were attempted after the isolation of the hemiaminal ether and none afforded the desired 
and all led to either decomposition of the intermediate or no reactivity. (Table 4.2) 
 
 
 
Entrya Base Equiv. Yieldb 
1 TEA 1 No Reactivity 
2 DIPEA 1 No Reactivity 
3 DBU 1 No Reactivity 
4 DBU 3 No Reactivity 
5 DBU 5 Decomp 
6 Quinine 1 No Reactivity 
7 Proton Sponge 1 No Reactivity 
8 LAH 1 Decomp 
9 nBuLi 1 Decomp 
aReaction conditions: Hemiaminal ether (0.1 mmol) was dissolved with CH2Cl2 (0.3 M) 
and base was added at 0 ºC and stirred at room temperature and monitored via TLC and 
UPLC. bIsolated yields. 
 
Table 4.2. Base screen in efforts to perform enolization.  
O N
O
OBn
OCH3N
OCH3
O
*
H
H
OBn
N
N O
OCH3
O
OCH3
O
H
H
* *
4.33
base (x eq.)
CH2Cl2 (0.3 M)
4.37
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 In attempts to see if the reaction would form the chiral 1,2-diamine if stirred for a 
longer period, all substrates, in parallel, were stirred for 5 days; to our surprise we did see 
formation of the desired product. Interestingly, the benzyl and ethyl glycinates 4.32 and 
4.35 showed the formation of one diastereomer while the ketone 4.36 gave 2:1 d.r. 
However, the enantioselectivity of the ketone substrate were excellent while both the 
ester glycinates gave a diminished selectivity of 85:15 e.r. When the resulting 
intermediate was analyzed for all substrates complete loss of selectivity was observed. 
(Figure 4.8) While we finally saw product formation, a >5 day stir period was not 
practical. 
 
 
Figure 4.8. Results from 4-day stir period.  
 
 In order to decrease the stir period of the reaction, we postulated that we could (i) 
add a Lewis acid to stabilize the enol formation which can facilitate the rearrangement 
(ii) or add heat to the system. The Lewis acid, YCl3, was attempted in the reaction using 
i. (R)-4.30 (10 mol%)
C6H5CH3 (0.3 M)
2 h., -35 ºC
ii. 4 days, r.t.
H
N
OCH3
O
H
N
R
O
H3CO
O
4.28
4.32 R = OBn
4.35 R = OEthyl
4.36 R = Ph
O N
O
OBn
OCH3N
OCH3
O
H
H
OBn
N
N O
OCH3
O
OCH3
O
H
H
* *
4.37 R = OBn 
74% yield 
53:47 e.r.
4.40 R = OBn
14% yield
100:0 d.r.
85:15 e.r.
4.38 R = OEthyl
64% yield 
61:39 e.r.
4.41 R = OEthyl
10% yield
100:0 d.r.
85:15 e.r.
4.42 R = Ph
32% yield
2:1 d.r.
major: 97:03 e.r.
minor: 95:05 e.r.
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all three substrates and no product or intermediate was seen when using the ester 
glycinates 4.35 but the ketone 4.36 substrate gave the desired product with a diminished 
yield of 14% while maintaining the same selectivity. When the reactions were stirred at 
100 ºC for 20 hours, the benzyl ester 4.32 produced a 55% yield, showing one 
diastereomer with an 85:15 e.r. The ethyl ester 4.35 gave similar results but unfortunately 
when the ketone substrate was heated it did produce the expected product but no 
selectivity was apparent. Entry 2 in Table 4.3 is the best results we have been able to 
achieve when screening different conditions. This method is currently being further 
optimized in the Schaus lab.  
 
Entry Glycine Time Temp. Lewis Acid 
Intermediate 
yield        e.r. 
Product 
yield           e.r. 
1 4.32 4 days r.t. --- 74% 53:47 14% 85:15 
2 4.32 20 h. 100 ºC --- 34% 98:02 55% 85:15 
3 4.36 20 h. r.t. 20 mol% 98% 70:30 --- --- 
4 4.36 5 days r.t. --- --- --- 32% 2:1 
Maj: 97:03 
Min: 95:05 
5 4.36 5 days r.t 20 mol% 80% 58:42 17% 2:1 
Maj: 97:03 
Min: 95:05 
6 4.36 20 h. 60 ºC --- 84% 54:46 15% 2:1 
Maj: 97:03 
Min: 95:05 
aReaction conditions: Glycinate (0.5 mmol), catalyst (0.05 mmol), and Lewis Acid (0.1 
mmol) was added to a microwave tube and dissolved in toluene (0.3 M) and let cool to -
i. (R)-4.30 (10 mol%)
YCl3 (20 mol%)
C6H5CH3 (0.3 M)
2 h., -35 ºC
ii. time, temp
H
N
OCH3
O
H
N
R
O
H3CO
O
4.28
4.32 R = OBn
4.35 R = OEthyl
4.36 R = Ph
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* *
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35 ºC. The imine (0.5 mmol) was added to reaction mixture and let stir under argon for 2 
hours and then warmed to desired temp and let stir. bIsolated yields. cDetermined by 
chiral HPLC. 
Table 4.3. Optimization efforts for 1,2-diamine synthesis via asymmetric Mannich reaction. 
 
4.4 Proposed Mechanism 
 
 With these initial results in mind, we set out to propose a mechanism for the 
transformation. As shown in Figure 4.6, the reaction begins with the carbamate portion of 
the molecule adding on to the activated imine to form the hemiaminal ether. The absolute 
configuration is assumed to be the same of the previous hemiaminal ether explored in 
chapter 2. Tautomerization of the hemiaminal ether under the reaction conditions leads to 
the formation of the latent nucleophile priming the reaction to do the stereoselective 
intramolecular rearrangement to form a chiral 1,2-diamine. We are proposing a 5-
membered transition state that would allow us to predict a syn-configuration if the 
hemiaminal ether model predicted for chapter 2 applies to this system. While this method 
is an application of the discovered reactivity described in Chapter 2, extensive 
mechanistic studies, such as in situ ReactIR 15 and NMR, will be performed in the future 
to support our proposed mechanism. Structure modeling studies will also be performed 
for these intermediate with collaboration with a theoretical organic chemist.  
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Figure 4.9 Proposed mechanism for the asymmetric Mannich reaction. 
 
4.5 Conclusion 
 
 Herein, we have applied the reactivity described in Chapter 2 successfully by 
synthesizing a chiral 1,2-diamine via a Brønsted acid-catalyzed asymmetric Mannich 
reaction. Preliminary data shows that when stirring glycinate derivatives with a 
carbamate protecting group, the acyl imine and chiral phosphoric acid, a hemiaminal 
ether is formed which then performs a stereoselective intramolecular rearrangement to 
form the desired 1,2-diamine with moderate enantioselectivity and yields. Additionally, 
this method is the first Brønsted acid-catalyzed Mannich reaction involving a glycinate 
derivative addition to an imine. Further optimization and mechanistic studies are 
currently being performed in the Schaus lab. 
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4.6 Experimental Information 
General Information 
All 1H NMR and 13C NMR spectra were recorded using Varian Unity Plus 500 MHz 
spectrophotometer at ambient temperature in CDCl3. Chemical shifts are reported in 
parts per million as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet, br = broad), coupling constant, and integration. Low 
resolution mass spectrometry data was obtained on an Agilent LC/MSD VL system by 
electrospray (ESI) flow injection analysis in the positive mode. Mobile phases were water 
and acetonitrile with 0.1% formic acid. The MS settings were: voltage = 3000V, 
fragmentor = 70 and chamber temperature = 350 °C. UPLC-MS analysis was performed 
on a C18 column (1.7mm, 2.1 X 50 mm) with CH3CN:H2O gradient as eluent with UV, 
ELSD and electrospray ionization (ESI) positive ion detection. Optical rotations were 
recorded on an AUTOPOL III digital polarimeter at 589 nm, and were reported as [a]D 
(concentration in grams/100mL solvent). Chiral HPLC analysis was performed using an 
Agilent 1100 series HPLC System with a diode array detector. Chiral columns include 
Chiralcel® OD (Chiral Technologies Inc., 25 cm x 4.6 mm I.D.), Chiralpak® AD-H 
(Chiral Technologies Inc., 25 cm x 4.6 mm I.D.), Chiralpak® IA (Chiral Technologies 
Inc., 24 cm x 4.6 cm I.D.) and (R,R)-Whelk-O (Regis® Technologies Inc., 25 cm x 4.6 
mm I.D.). 
General procedure for the asymmetric Mannich reaction 
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In an oven-dried microwave tube equipped with a stir bar, the glycinate (0.5 mmol) and 
the catalyst (0.05 mmol) were dissolved in toluene under argon and cooled to -35 ºC. 
Once cooled, the acyl imine (0.5 mmol) is added dropwise and let stir at -35 ºC for 2 
hours. The reaction is then warmed to room temperature and heated up to 100 ºC for 18 
hours. The reaction is then quenched with water upon cooling to room temperature. The 
reaction mixture is then diluted using DCM, washed with water and brine, and dried over 
sodium sulfate. The organic layer is then concentrated in vacuo and then purified by flash 
column chromatography. (70:30 Hexanes:EtOAc) to yield two products the hemiaminal 
ether and the 1,2-diamine product.  
 
Benzyl (Z)-7-methoxy-3-oxo-5-phenyl-2,6-dioxa-4,8-diazadec-7-en-10-oate. (4.37) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 7:3 Hexanes:EtOAc. Yield: 39% yield. Physical 
State: Viscous oil. e.r.: 98:02 HPLC Analysis: tr minor: 14.445 min., tr major: 35.556 
min., [Chirapak AD-H column, 12 cm x 4.6 mm I.D., Hexanes:EtOH = 98:02, 2.0 
mL/min, 280 nm]  1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 7.33 (overlap, 11H), 6.83 (d, 
J = 9.1 Hz, 1H), 6.25 (d, J = 9.8 Hz, NH), 5.15 (s, 2H), 4.09 – 3.88 (m, 2H), 3.68 – 3.53 
(m, 3H). 13C NMR (126 MHz, DMSO-d6) 170.21, 163.01, 156.22, 140.33, 136.11, 
128.92, 128.56, 127.13, 126.90, 126.72, 80.83, 66.12, 52.91, 52.55, 45.61 TLC: Rf = 0.4 
(5:1 toluene:EtOAc) SMILES: 
O=C(OC)NC(O/C(OC)=N\CC(OCC1=CC=CC=C1)=O)C2=CC=CC=C2 
InChI=1S/C20H22N2O6/c1-25-19(24)22-18(16-11-7-4-8-12-16)28-20(26-2)21-13-
17(23)27-14-15-9-5-3-6-10-15/h3-12,18H,13-14H2,1-2H3,(H,22,24)/b21-20- 
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Ethyl (Z)-7-methoxy-3-oxo-5-phenyl-2,6-dioxa-4,8-diazadec-7-en-10-oate. (4.38) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 7:3 Hexanes:EtOAc. Yield: 64% yield. Physical 
State: Viscous oil. e.r.: 61:39 HPLC Analysis: tr minor: 10.112 min., tr major: 19.334 
min., [Chirapak AD-H column, 12 cm x 4.6 mm I.D., Hexanes:EtOH = 98:02, 2.0 
mL/min, 280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 7.36 (overlap, 11H), 6.80 (d, 
J = 9.0 Hz, 1H), 6.22 (d, J = 9.9 Hz, NH), 4.20-4.14 (multiplet, 2H) 4.09 – 3.88 (m, 2H), 
3.68 – 3.53 (m, 3H) 1.28 (t, 3 H) 13C NMR (126 MHz, DMSO-d6) 170.11, 164.20, 
156.3, 140.31, 128.77, 128.51, 126.94, 126.73, 80.73, 61.05, 52.93, 52.59, 45.75, 14.11 
TLC: Rf = 0.4 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)NC(O/C(OC)=N\CC(OCC)=O)C1=CC=CC=C1 InChI=1S/C15H20N2O6/c1-
4-22-12(18)10-16-15(21-3)23-13(17-14(19)20-2)11-8-6-5-7-9-11/h5-9,13H,4,10H2,1-
3H3,(H,17,19)/b16-15- 
 
Benzyl 2,3-bis((methoxycarbonyl)amino)-3-phenylpropanoate. (4.40) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 7:3 Hexanes:EtOAc. Yield: 55% Physical 
State: Viscous oil. e.r.: 85:15 HPLC Analysis: tr minor: 32.818 min., tr major: 36.233 
min., [Chirapak AD-H column, 12 cm x 4.6 mm I.D., Hexanes:EtOH = 9:1, 1.5 mL/min, 
280 nm] 1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 7.33 (overlap, 10H), 6.67 (s, 1H), 6.22 
(s, 1H), 5.14 (s, 2H), 4.37 – 4.05 (overlap, 2H), 3.70 (overlap, 6H) 13C NMR (126 MHz, 
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DMSO-d6) 171.55, 157.11, 155.90, 128.93, 128.56, 127.61, 127.11, 126.92, 126.71, 
143.55, 136.12, 66.45, 66.11, 55.56, 52.53 TLC: Rf = 0.35 (5:1 toluene:EtOAc) 
SMILES:O=C(OC)NC(C(NC(OC)=O)C(OCC1=CC=CC=C1)=O)C2=CC=CC=C2 
InChI=1S/C20H22N2O6/c1-26-19(24)21-16(15-11-7-4-8-12-15)17(22-20(25)27-
2)18(23)28-13-14-9-5-3-6-10-14/h3-12,16-17H,13H2,1-2H3,(H,21,24)(H,22,25) 
 
Ethyl 2,3-bis((methoxycarbonyl)amino)-3-phenylpropanoate. (4.41) 
Prepared according to the general procedure. The crude material was purified by flash 
column chromatography with elution by 7:3 Hexanes:EtOAc. Yield: 10% yield. Physical 
State: Viscous oil. e.r.: 85:15 HPLC Analysis: tr minor: 25.122 min., tr major: 30.111 
min., [Chirapak AD-H column, 12 cm x 4.6 mm I.D., Hexanes:EtOH = 9:1, 1.5 mL/min, 
280 nm]  1H NMR (500 MHz, DMSO-d6, 80 ºC) δ 7.33 (overlap, 5H), 6.72 (s, 1H), 6.19 
(s, 1H), 4.35 – 4.05 (overlap, 4H), 3.70 (overlap, 6H) 1.21 (t, 3H) 13C NMR (126 MHz, 
DMSO-d6) 155.91, 155.66, 139.91, 128.81, 128.11, 62.61, 55.89, 52.56, 18.61, 10.1 
TLC: Rf = 0.4 (5:1 toluene:EtOAc) SMILES: 
O=C(OC)NC(C(NC(OC)=O)C(OCC)=O)C1=CC=CC=C1 InChI=1S/C15H20N2O6/c1-
4-23-13(18)12(17-15(20)22-3)11(16-14(19)21-2)10-8-6-5-7-9-10/h5-9,11-12H,4H2,1-
3H3,(H,16,19)(H,17,20) 
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